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Summary 
Species from different sub-genera of Eucalyptus form stable 
'associations' in apparent contradiction of the Volterra-Gause 
principle which maintains that two species cannot indefinitely 
occupy the same ecological 'niche'. Such problems have usually 
been resolved by the discovery that some limited but important 
environmental resources are being exploited differentially by 
the species in question. However, no differences in resource 
utilization have been reported to explain association between 
co-dominant eucalypts. An apparenc discrepancy in the response 
of different Eucalyptus sub-genera to inoculation by a mycorrhizal 
fungus led co the suggestion chat some such biocic factor might 
discriminate between their respeccive 'niches' . 
This study commenced wich the dual objectives of increasing 
the limited knowledge of eucalypt mycorrhizas and of investigacing 
the above hypothesis. 
Eucalyptus mycorrhizas are shown to be similar in structure 
and behaviour to other eccotrophic mycorrhizas, especially those 
of Fagus . An electron microscope study provides evidence thac 
physical forces may play a role in the modificacion of a normal 
root apex into the mycorrhizal configuration. This modification 
also involves digestion of che rooc-cap and interference wich the 
normal secretory accivicy of epidermal cells. 
Anatomical and chemical methods for identification of 
eucalypt roots and mycorrhizas are shown to be useful in studies 
of the distribution of subterranean organs and of host-symbiont 
specificity. 
ii 
Evidence is provided co show chat mycorrhizal fungi of Pinus 
and Eucalyptus are specific for their respective host genera. 
However , no specificity is apparent between different sub - genera 
of Eucalyptus. Neither are there any obvious discrepancies 
between the struccure or frequency of formation of mycorrhizas in 
different sub-genera. Therefore it is concluded that mycorrhizal 
fungi are not likely co be a factor in maintenance of eucalypc 
associations. 
An alternative hypothesis, that hose-specific parasices 
discriminate between the ecological niches of associated eu alypts , 
is discussed and ics implications examined by means of compucer 
modelling. 
I. GENERAL INTRODUCTION 
1. THE PROBLEM OF ASSOCIATION BETWEEN CO-DOMINANT SPECIES OF 
EUCALYPTUS 
a) Different types of ecosystem 
1 
A broad view of ecology is given by Margalef (1968). He 
imagines all ecosystems to be developing, by progressive increase 
in biomass, primary production and species diversity, towards a 
state of 'maturity' characterised by a high degree of homeostasis. 
However, to explain the existence of long-lived ecosystems having 
low species diversity, he allows that 'instability of the external 
environment' may arrest a community at a particular stage of this 
succession indefinitely. 
In his 'stability-time' hypothesis which is based on similar 
concepts, Sanders (1968) assigns a more coherent role to the physical 
environment. Fluctuating environmental factors produce physic-
logical stress in the biological entities of the ecosystem and he 
believes that the sum of physiological stress imposed by a particular 
2 
environment over a period of time determines the nature of the eco-
system which develops there. Thus, in conditions of high stress a 
community develops having relatively few species and these are pre-
dominantly controlled by physical factors. In conditions of low 
stress on the other hand, a community evolves in which many 
different species occur and these are primarily adapted to compete 
with each other for the available resources. Varying degrees of 
physical stress and biological competition therefore define a whole 
spectrum of ecosystems between the abstract extremes of 'physically 
controlled' and 'biologically accommodated' communities. 
Although Sanders, like Margalef, emphasises the role of environ-
mental instability in the production of physiological stress, most 
of his actual examples are also environments in which one or more 
factors are 'extreme' in the sense that they represent substantial 
departures from the mean requirement of terrestrial protoplasm 
(e.g. hypersaline or very dry). There are undoubtedly strong 
correlations between 'extremity' and 'instability' in environments, 
for instance the relationship between decreasing annual rainfall 
and decreasing rainfall 'reliability' in inland Australia (Leeper 
1960), but it is hard to partition their effects in the production 
of physiological stress. 
b) The Brindabella Mountains ecosystem 
This rationale of the diversity observed in ecosystems provides 
an instructive background against which to view a local situation 
in the Brindabella Mountains. The forest communities there are 
clearly representative of ecosystems near the 'physically controlled' 
end of the spectrum. The alpine woodland community, in fact, 
• j 1. ( ·, 
3 
extends close to the altitudinal limit of tree growth. It 
possesses the single dominant tree species,!· pauciflora,* and 
has been the subject of a series of investigations which show 
that a close relationship exists between variation in topographical/ 
climatic factors on the one hand and the morphology of the dominant 
species plus general floristic composition on the other (Pryor 1965, 
Green 1967, 1969, and Evans 1971). This evidences a high degree 
of adaptation to the physical environment as predicted by Sanders' 
hypothesis. 
Below an altitude of about 1500 metres, the alpine woodland 
gives way to wet sclerophyll forest. This is mainly character-
ized by pairs of co-dominant eucalypts. Altitude and aspect again 
have an important effect upon floristic composition and Pryor and 
Moore (1955) define two alliances: the ! · delegatensis -
E. dalrympleana Alliance between about 1500-1200 metres and the 
E. fastigata - E. viminalis Alliance between about 1200-800 metres. 
From the viewpoint of Sanders' hypothesis, the jump in biological 
complexity, exemplified by the transition from alpine woodland to 
mixed wet sclerophyll forests, represents the first major step in 
'biological accommodation' which finds its most complete expression 
within a rain forest. In a rain forest, however, the sheer com-
plexity of biological interactions offers a formidable bar to any-
one seeking to understand them. The wet sclerophyll forests of 
* Nomenclature and classification of Eucalyptus species follows 
Pryor and Johnson (1971) throughout the typescript portion of 
this thesis. 
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the Brindabella Mountains provide a tractable step towards such 
understanding. Although the ideas of Margalef and Sanders had 
not then been published, this was essentially the view expressed 
by Pryor (personal communication) when he suggested the present 
project. He had previously drawn attention (Pryor 1959) to the 
problem represented by 'association' between co-dominant eucalypt 
species and concluded that to explain their successful co-existence, 
it is necessary to postulate that some positive biological benefit 
is derived from growing together as mixed stands, instead of 
separately in pure stands. 
Eucalypt forests are of course just one example of balanced 
association between co-dominants. The fact that the associated 
species are members of the same genus is more unusual, but Pryor 
(1953) had demonstrated that co-dominants were almost always drawn 
from different subgeneric groups which could not interbreed. Thus 
Eucalyptus delegatensis from the subgenus Monocalyptus is normally 
associated with!· dalrympleana, a member of the subgenus SymphyB-
myrtus.* Similarly!· fastigata (Monocalyptus) forms associations 
with E. viminalis (Symphyomyrtus). Associations often overlap, 
but the same relationship is normally maintained. For instance 
E. dalrympleana (Symphyomyrtus) may also be found associated with 
E. pauciflora, E. dives and to a lesser extent with!· fastigata, 
but all these three species are from the opposite subgenus Mono-
calyptus, There is therefore, no question of the associated 
species merging genetically towards the formation of a single hybrid 
* The terms Monocalyptus and Symphyomyrtus (Pryor and Johnson 1971) 
are to a considerable degree synonymous respectively with the 
Renantherae and Macrantherae of earlier published work by Pryor. 
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species. This is undoubtedly an important stabilizing factor in 
the association but it does not explain why one species s-hould not 
displace the other. 
c) Defining the problem 
Superficially at least, the successful co-existence of these 
Eucalyptus species appears to conflict with the Volterra-Gause 
principle which, broadly stated, claims that only one species can 
survive on a single resource. Developed as a theoretical concept 
by Volterra (1926), it received its first clear experimental support 
from the competition experiments of Gause (1934) with two species 
of Paramoecium. Grown in separate cultures upon the same food re-
source,the concentratQons of both populations eventually attained a 
constant equilbrium level, although one species stabilised at twice 
the level of the other. When grown together in the same culture, 
the species which had been more successful on its own eliminated the 
other species entirely. Similarly clear-cut results were obtained 
by Cromb~e (1947) and Park (1962) with flour beetles, Utida (1953) 
with bean weevils, Frank (1957) with water fleas and Slobodkin 
(1962) with hydras. Of course, these experiments were carried out 
in the laboratory under constant conditions and the organisms were 
provided with a single simple food resource. In the forest under 
consideration the conditions are not constant, the trees utilize 
a complex of physical resource~, and the competition between them 
takes place in the presence of other organisms within a very much 
larger spatiotemporal arena. The question then becomes, which of 
these additional factors is responsible for the discrepancy? A 
number of hypotheses which have been advanced to account for the 
co-existence of similar species are considered below. 
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SOME HYPOTHESES TO ACCOUNT FOR ASSOCIATION 2. 
a) Identical competitive ability and genetic feedback 
In the labIDratory results which supported the Volterra-Gause 
principle, the time scale of the experiments did not permit the 
long-term forces of evolution to play any role. Conceivably, 
under natural conditions, two competing species could evolve which 
were so perfectly matched in structural and physiological attrib-
utes that neither had the slightest advantage over the other in 
their utilization of the environmental resources. Certainly 
eucalypts which occupy the same habitat often exhibit a high 
degree of morphological similarity, but it is hard to accept that 
this convergence is sufficiently precise to fulfill the above 
requirement. Moreover, even if it was satisfied at some point 
in time,the equilibrium attained would be at best an unstable one. 
Over a period, changes in the environment would inevitably disturb 
the delicate balance between them and one would commence to elimin-
ate the other. 
However, evolution is also a continuing process and Pimentel 
(1961, 1963) has specified the conditions under which a stable 
relationship could be achieved through genetic processes. This 
occurs when an uncommon species, because of its rarity, is exposed 
to a more acute selection pressure than a common competitor. When 
this occurs, its frequency will increase relative to that of the 
competitor, which it could eventually displace as the most common 
species. If the competitor is itself reduced to a low frequency, 
then the same mechanism comes to its aid and again redresses the 
balance. After a series of such oscillations, a state of dynamic 
equilibrium could be achieved in which the two competitors are 
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closely matched in ability and maintained in more or less constant 
proportions. Pimentel calls the mechanism 'genetic feedback'. 
More correctly it should be termed 'negative genetic feedback' 
because it operates to increase numbers when population density is 
low and to reduce numbers when density is high, To ~perate 
effectively it requires a considerable degree of variation in the 
population which is being selected and of course it requires time. 
The rare species must not be eliminated before it has time to ad-
just. Pimentel demonstrated the importance of spatial and temporal 
dimensions experimentally, and provided some support for the genetic 
feedback mechanism by the following device. Blowflies and house-
flies competing together in a single experimental cage illustrated 
the classic response to the Volterra-Gause principle with the house-
fly usually winning. When he linked 16 cages together via small 
openings and placed houseflies in cage 1 and blowflies in cage 16, 
it took several generations for the two populations to spread far 
enough through this system to meet. Then the houseflies progress-
ively displaced blowflies until only a few individuals were left in 
one cage. However, the blowfly population then slowly increased 
again and actually eliminated houseflies from the system entirely. 
Tests in single cages on samples of the population taken before 
this stage was reached demonstrated that the blowflies had indeed 
evolved into better competitors than the houseflies. 
A negative feedback mechanism of some kind would explain the 
apparent stability of the eucalypt associations in the Brindabellas. 
These species are thought to exhibit a high degree of variability 
as a result of preferential outbreeding based on either protandry 
(Pryor, personal communication) or protogyny (Willing, personal 
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communication), so genetic feedback has sometning to work on. Set 
against that, however, is the very slow rate of turnover of long-
lived forest trees. Environmental changes tending to disturb the 
equilibrium could perhaps occur more rapidly than evolution could 
redress the balance. More seriously, the very outbreeding mechan-
ism which is responsible for the useful variation could also result 
in a counterproductive 'positive genetic feedback' if a species 
should become too rare. As individuals become more widely separ-
ated in space the opportunity to become cross-fertilized is reduced 
and the result will be a reduction in both total reproduction and 
variation in the progeny. Genetic feedback will. almost certainly 
play a role in forest ecology, but it is less certain that by 
itself it will provide a direct solution to the problem of the 
association. 
b) Reciprocal utilization of environmental resources 
A second major difference between competition in the laboratory 
and in a natural ecosystem resides in the very much greater com-
plexity of the latter. It will contain many different food re-
sources,and a great variety of physical factors will influence 
the growth and reproduction of organisms. A single species will 
quite frequently utilize more than one food resource and be strongly 
influenced by several physical factors. This fact is obscured in 
the lalx>ratory where constant conditions are maintained and only a 
single resource is supplied. This problem was recognised very 
early in the studies on competition and the Volterra-Gause principle 
is usually stated in some more general form to take account of it: 
e.g. 'No two species can indefinitely continue to occupy the same 
ecological niche' (Slobodkin 1962). This does not actually solve 
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the problem so much as transfer it to the concept of 'niche'. 
Niche conveys the general idea of a particular set of environ-
menta~ factors capable of biological exploitation and it is 
generally allowed that two separate niches may share a number 
of common factors so long as sufficient differential factors 
remain to discriminate between them through some limiting effect 
upon the organisms. Thus two organisms may occupy exactly the 
same physical environment but utilize different food resources; 
another two may compete for a common food resource but be limited 
in their utilization of it by different physical factors. 
In practice it can be very difficult to discriminate between 
niches in the field. For instance, MacArthur (1958) was attracted 
to the problem of five species of warbler which appeared to be 
co-existing in exactly the same environment, and it was only by 
careful study that he was able to establish that their feeding 
habits were significantly different. The paired species of 
Eucalyptus within the Brindabellas appear to inhabit the same niche. 
The two species have converged in growth form and leaf morphology 
to a significant degree and it seems likely that they exploit the 
main aerial resources in a similar manner, even if there should 
remain some difference in degree. 
Below ground the relationship of the trees to their environ-
ment is necessarily much more obscure. For instance, it is 
possible to imagine that the absorbing roots of the two species 
might occupy substantially different levels in the soil, such as 
Carnahan (personal communication) found in a mixed pasture of 
Cocksfoot, Creeping Fog and Weeping Grass. Alternatively, the 
two species may exploit different forms of nutrient within the soil. 
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Moore and Keraitis (1971) made an interesting study in this regard. 
They showed that different eucalypts make different use of nitrate 
and ammonium nitrogen. However, there was no correlation between 
the preferred nitrogen source and membership of a particular sub-
genus. Indeed, eucalypts with similar requirements tended to come 
from the same habitat, which suggests that the form of nitrogen 
utilized is an adaptation to the particular environment in which 
the species live, and serves, if anything, to delineate adjacent 
associations rather than the species within an association. This 
result is similar to earlier findings on exchangeable calcium, 
(Moore 1961), so that inorganic nutrition also offers diminishing 
prospects for a suitable differential response. 
A final possibility is suggested by the work of Johnson (1970). 
Differential exploitation of the physical environment may become 
obvious only through time, when fluctuations in the environment 
favour first one then the other species, to produce an oscillatory 
counterbalancing of the two. (E.g. one species tolerates occasional 
cold periods, the other one is more drought resistant). This type 
of differential effect would be most difficult to assess, but there 
are no positive indications that it occurs. My belief is that 
fluctuations in the climate would have theiir major eff_ect upon the 
'balance of power' between adjacent associations, whose boundaries 
do give evidence of correlation with factors of the physical 
environment. 
Clearly, very much more needs to be known about the relation-
ship of eucalypts to the physical environment. Nevertheless, the 
attractiveness of this theory as an explanation of association 
declines coincidentally with the magnitude of reciprocal effects 
being sought to uphold it. 
c) Reciprocal response to other organisms in the ecosystem 
The final discrepancy between the laboratory and natural 
situations results from the deliberate exclusion of organisms 
other than the two competitors in the former. Other species 
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form a particularly important part of the overall environment 
to which an organism is exposed and if these could be shown to 
have a differential effect upon competing plants, this could 
effectively separate them into two distinct niches in a similar 
manner to differential resource utilization. 
Pryor (1956, 1959) drew attention to an apparent discrepancy 
between mycorrhiza formation in the two subgeneric groups, 
Monocalyptus and Symphyomyrtus. In an experiment in which spores 
of Scleroderma flavidum were inoculated into pots of sterile soil 
planted with Eucalyptus dives,!• pauciflora (Monocalyptus) and 
!· st-johnii (Symphyomyrtus), only the Monocalyptus species formed 
mycorrhizas. The growth and general appearance of these Mono-
calyptus species was also much improved over the control plants. 
Pryor was acquainted with a number of plantings of Eucalyptus in 
the Middle East, where species of Monocalyptus more consistently 
failed to establish than species of Symphyomyrtus. He interpreted 
this to mean that Monocalyptus species might have an ·obligate 
requirement for mycorrhiza formation which Symphyomyrtus lacked. 
He suggested (personal communication) that this discrepancy could 
play a role in the stable association of these two subgenera as 
seen in the Brindabella Mountains. The special significance of 
this proposal is that an organism from a lower 'trophic level' is 
being invoked to explain an important phenomenon in the natural 
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distribution of plants. 
3. MYCORRHIZAS AND THE PROBLEM OF ASSOCIATION 
For mycorrhizas to play a significant role in the maintenance 
of stable associations between Eucalyptus species,two conditions 
need to be satisfied. Firstly, the mycorrhizal relationship 
should be a reasonably potent factor in the ecology of forest 
trees. Secondly, there must be some kind of differential effect 
upon the two species which co-exist in the same habitat. 
two conditions are discussed below. 
These 
a) The ecological significance of ectotrophic mycorrhizas 
The ecological significance of ectotrophic mycorrhizas in 
general has been discussed fairly frequently in reviews and 
" monographs (e.g. Rayner, 1927; Hatch, 1937; Bjorkman, 1937; 
Harley, 1959; Meyer, 1966; Harley, 1969), so only those aspects 
which are central to the present problem will be recapitulated 
here. 
Like most phenomena, the significance of the mycorrhizal 
relationship is best judged by comparing situations in which it 
is present with comparable situations in which it is absent. In 
natural forests some mycorrhizas are always present (Harley, 1969). 
However, when trees are planted into naturally treeless areas, 
mycorrhizal fungi may be absent initially. Difficulties are 
often encountered with such exotic plantings and young trees 
often show chlorosis and severe stunting. Of course, many 
different factors could be responsible for this, not the least 
of which are the various components of the alien physical r • 
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environment. On the other hand, artificial plantings such as 
this are usually protected from the most damaging aspects of 
their new surroundings (e.g. drought) by interventions from the 
planters. In a number of such instances the stunting problem 
has been overcome by deliberate introduction of mycorrhizal 
fungi in the form of pure cultures or fruit bodies, or contained 
within soil transferred from established forests (Hatch, 1936; 
White, 1941; McComb, 1943; Lobanow, 1960). 
Stimulation of tree growth following inoculation with 
mycorrhizal fungi has also been recorded in exotic trees planted 
into forest areas containing tree species of sumstantially 
different taxonomic affinities, for example_ Pinus in Australia 
(Kessell, 1923; Kessell and Stoat, 1936; Young, 1936; 1940). 
It appears, therefore, that the opportunity to form mycorrhizas 
can be a critical factor, determining success or failure in some 
environments. 
The ecological importance of mycorrhizas can also be judged 
to some extent by variations in their frequency within native 
forests. Mycorrhizal fungi are presumed to be readily available 
to trees in their native habitat and therefore other reasons 
have been sought to explain this variation. Many studies of 
this problem were forged into a coherent explanation by the work 
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of Hatch (1936, 1937) and Bjorkman (1937, 1940, 1942), who com-
pared the frequency of mycorrhiza formation with the nutrient 
status of a wide range of soils. Their findings cannot be 
better summarised than in the quotation from Bjgrkman which Harley 
(1969) selected for his discussion of this topic " ..... a severe 
lack of available nitrogen or phosphorus hampers the formation of 
mycorrhiza as well as growth, but moderate scarcity of one or 
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other of these . riutri~nt~ ' is a ~ondition for mycorrhizal infection". 
Laboratory studies on mycorrhizas,especially those of 
Melin and Nilsson (e.g. 1950, 1952) and Harley and his co-
workers (summarised by Harley, 1969), have investigated the 
uptake and exchange of chemicals between the plant and fungal 
tissues in considerable detail. There is no doubt that the 
symbiosis is based on mutual interchange of essential nutrients. 
The fungi, many of which appear to be obligate symbionts, obtain 
synthesised carbohydrates from the plant. In return, the fungi 
take up plant nutrient ions (especially phosphate and ammonium) 
from the soil and these are transferred to the plant. Under 
conditions of low or intermittent external nutrient supply, 
this latter process appears to result in a higher or more sus-
tained uptake of nitrogen and phosphorus by the plant. 
If field studies and laboratory studies are considered 
together, there appears to be a coincidence between the 
conditions under which mycorrhizas are plentiful and the 
conditions in which they might be expected to benefit the plant. 
The mechanism which links mycorrhizal formation to the needs of 
. ...,, 
the plant is not yet known with any certainty, although BJorkman 
(1949) claimed that it resulted from an inverse correlation 
between the level of external nutrient ions and the internal 
carbohydrate status of the plant root. 
In the case of Eucalyptus, very little work has been done 
which is relevant to the question of ecological significance. 
Pryor (1956) reported problems with establishment of Eucalyptus 
species in the Middle East, but the relationship of these 
problems to mycorrhizas has not been studied. Mycorrhizas have 
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been reported on eucalypts, from native forests (Samuel, 1926; 
Pryor, 1956; Ashton, 1956) and from overseas plantings (Smith 
and Pope, 1934; Levisohn, 1958), but of these only Ashton 
studied ecological relationships. Ashton found abundant 
mycorrhizal development in native forests of Eucalyptus regnans 
and he described theit vertical and seasonal distribution within 
the soil. He found that mycorrhizas were less frequent at low 
light intensities and considered that this could be a factor 
resulting in the failure of~. regnans seedlings to 'get away' 
under the canopy of adult trees. In one experiment Ashton also 
demonstrated that applications of blood and bone fertilizer 
reduced the number of mycorrhizas formed. This suggests that 
mycorrhizas in Eucalyptus may play a similar role to those of 
Pinus and Eagus. Ashton also carried out some inoculation 
experiments in the field which resulted in stimulus to young 
tree growth. However, his studies did not give much attention 
to the anatomy of the plant-fungus relationships, and at times 
he appeared to be dealing with various kinds of superficial 
association. 
b) Differential mycorrhizal responses by Monocalyptus and 
Symphyomyrtus species 
The report of Pryor (1956) contains the only suggestion 
that the Eucalyptus subgenera may behave differently in relation 
to the mycorrhizal phenomenon. The fact that mycorrhizas have 
been reported in a number of Eucalyptus species from both sub-
genera (Levisohn, 1958) indicates that both subgenera have the 
general capacity to form this kind of symbiotic relationship. 
The other possibilities for a differential response are as 
follows: 
(i) That mycorrhizas might form with differing frequency 
on different Eucalyptus species. 
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(ii) That the mycorrhizas formed might differ in their 
effectiveness towards members of different Eucalyptus 
subgenera. 
(iii) Different subgenera of Eucalyptus may form mycorrhizas 
with different sets of host-specific fungi. 
It seems quite probable that a di£ference in effectiveness 
(ii) would also be reflected in a difference in frequency (i). 
The third possibility was considered the most likely explanation 
since it was entirely consistent with the separate findings that 
mycorrhizas could form on both subgeneric groups (Levisohn, 1958), 
yet a particular fungus had only formed mycorrhizas with one sub-
genus in Pryor's (1956) experiment, This belief was encouraged 
by the fact that some host-specificity was already known to 
operate in mycorrhizal fungi (Harley, 1959). 
4. THE OBJECTIVES OF THE PRESENT PROJECT 
The original motivation for the study reported in this 
thesis derived from the suggestion that mycorrhizas might play 
a role in the maintenance of stable associations between species 
of Eucalyptus. At the same time, mycorrhizas command considerable 
interest~~, and this important Australian genus provides a 
unique opportunity to study a system which is geographically 
and taxonomically isolated from the northern hemisphere forests 
where the mycorrhizal phenomenon had been defined in considerable 
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detail. The two major objectives of this project were therefore: 
to learn more about the structure and behaviour of eucalypt 
mycorrhizas in general, with a view to establishing thei r relation-
ship to other ectotrophic mycorrhizas; and to collect information 
which could be used to support or refute the hypothesis relating 
mycorrhizas to the problem of association. 
overlap to a large extent. 
These two objectives 
In .his monograph, Harley (1959) had drawn together the main 
facts relating to ectotrophic mycorrhizas in the northern hemisphere, 
concluded that similarities were far more significant than differences 
between mycorrhizas of the various trees, and gone on to give a clear 
indication that he viewed them all as~single phenomenon. It seemed 
likely that eucalypt mycorrhizas would also prove similar, but so 
little was known about them that this could not simply be assumed. 
If, on the other hand, eucalypt mycorrhizas could be shown to agree 
closely with well documented mycorrhizal species in one or two 
critical areas, this would identify them more closely with the 
general concept of an ectotrophic mycorrhiza and permit some further 
assumptions to be made concerning their general significance. A 
logical starting point, therefore, appeared to be a detailed invest-
igation of the anatomical relationship between root and fungal tissue, 
since this had attracted ,omly superficial examination in the past. 
The behaviour of eucalypt mycorrhizas with respect to mineral nutrients 
was also of central importance to their ecological significance and 
warranted further attention. 
The more specific requirement of the eucalypt association 
hypothesis, namely that Monocalyptus and Symphyomyrtus responded 
differentially to mycorrhizal infection, required special attention. 
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Structure and behaviour of mycorrhizas from the two subgenera needed 
to be compared wherever possible and the possibility of host-
symbiont specificity needed to be investigated in detail. 
During the investigations which followed, a third objective 
was always in mind. Clearly, should mycorrhizas of Eucalyptus 
prove to be essentially identical with those of other tree species, 
it would become increasingly unprofitable to persist with detailed 
repetition of work already carried out with other species. There 
was reason, therefore, to be alert for possible areas in which 
eucalypt mycorrhizas offered any special advantage which could be 
exploited in the pursuit of general understanding of ectotrophic 
mycorrhizas. 
5. THE ORGANISATION OF THIS THESIS 
The experimental work is organised into the following four 
chapters, which deal respectively with general structure, 
identification, distribution and specificity. Each of these topics 
is discussed separately at the end of the appropriate chapter. The 
significance of these studies to the problem of association between 
eucalypts is discussed in Chapter VI at the end of the experimental 
work. A final chapter puts forward an alternative hypothesis to 
explain the problem of eucalypt association. 
* * * * * * 
Copies of three published papers are bound into the back of 
the thesis. Two of these (numbers 1 and 3) relate to the material 
in chapter II, and one (number 2) is related to the material in 
chapter III. Figures and tables are inserted in the text, close 
to where they are first mentioned. Plates are grouped together at 
the end of each chapter. 
II. A COMPARISON BETWEEN THE STRUCTURE OF MYCORRHIZAS 
AND OF UNINFECTED ROOTS OF EUCALYPTUS 
1. INTRODUCTION 
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This invescigation commenced wich a light microscope survey 
of mycorrhizas sampled from several hundred pot grown seedlings 
and naturally occurring trees, representing over 150 different 
species of Eucalyptus . All of these were examined as lactophenol-
cleared whole organs , and paraffin wax sections were prepared from 
several dozen. Two maJor conclusions were drawn from these 
studies. Firstly, the basic anatomical configuration of Eucalyptus 
mycorrhizas was constant chroughouc the genus. Secondly, the 
anatomical configuration of eucalypc mycorrhizas compared very 
closely with the descriptions of Fagus mycorrhizas from England 
(e.g . Harley 1959). These conclusions were reported in a published 
paper (see published paper number 1 : Chilvers and Pryor, 1965, 
bound into the back of this thesis). 
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That paper also compared the anatomy of representative mycorrhizal* 
and uninfected* apices drawn from the most common diameter class 
of each organ . The more important differences are recapitulated 
in this chapter and enlarged upon with the aid of low-power electron 
micrographs taken from ultrathin sections of act ive mycorrhizas and 
uninfected apices of Eucalyptus sc-johnii. The electron microscope 
methods used are described in published paper number 3 (Chilvers, 
1968b, bound into the back of this thesis). 
Section 2 (Description) gives a simple account of the main 
differences between the two types of organ. Section 3 (Discussion) 
attempts to interpret chese findings. In order that this final 
section may be read separacely if desired, data references are given 
throughout. 
2. DESCRIPTIONS OF MYCORRHIZAL AND UNINFECTED ROOTS 
a) Morphology of mycorrhizas and uninfected roots 
In fine root systems of Eucalyptus growing under favourable 
conditions, the length of a root is more or less proportional to 
its diameter. Under natural conditions, he very finest roots 
often suffer restricted growth, which creates a division inco 'long' 
and 'short' roots. This concrasc is most marked under conditions 
of intense mycorrhizal formation, because the finest roots are more 
frequently transformed into short mycorrhizal branches than are roots 
* In this thesis the term 'mycorrhiza' is reserved for apices which 
show complete modif cation inco a dual organism and include inter-
cellular penetration by the fungus . All other apices, including 
' superficial mycorrhizas' (Clowes 1951) are therefore regarded as 
essentially 'uninfected'. 'Superficial mycorrhizas', or 'ensheathed 
roots ' as they should perhaps be described , are not considered here , 
and the term 'uninfected' normally refers to roots without a sheath . 
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of larger diameter (Plate 11-1). 
Mycorrhizas can generally be distinguished from uninfecced 
rootlets of similar ontogenetic origin by their larger diameter 
and blunt rounded tip (Plate II-2), although uninfected tips 
which have ceased growth will also become much more rounded than 
an active root. 
Mycorrhizas proliferace by formation of branches which 
emerge already invesced by fungus. Branches are formed at very 
much shorter intervals than in uninfected roots (Place II-3). 
Varying degrees of branching and intensity of infection produce 
in Eucalyptus the same range of mycorrhizal systems recognised 
for Fagus (Chilvers and Pryor, 1965; Harley, 1969). The generic 
term 'mycorrhizal cluscer' is used in this thesis to describe all 
systems which are enclosed within a continuous layer of fungal 
tissue . 
b) General anatomy of che fungal tissue 
The mycorrhizal apex is primar ly distinguished from uninfected 
roots by the presence of fungal hyphae which form a compact exterior 
layer termed the 'mantle' or 'sheath' , and penetrate between 
epidermal cells as a dense monolayer termed the 'harcig net'. These 
tissues are llustrated in Place II-4 and Figure 2 of Chilvers and 
Pryor (1965) . 
(i) The mantle 
Close to the apex of actively growing mycorrhizas , the fungal 
mantle is thin and simple in organisation (Plates II- 9 , II-10 , 
II-11). It is composed of several layers of small-diameter hyphae 
containing small vacuoles and much cytoplasm. 
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Further back, where intercellular penetration of hyphae is 
just commencing, the mantle exhibits differentiation into two layers 
(Plate II-12). Inner hyphae are narrow and contain dense contents 
like those at the tip. Outer hyphae have larger diameters but 
contain very little cytoplasm. Most root- cap cells in this region 
are penetrated by intracellular hyphae (Plates II-12, II-16, 11-17). 
Further back from the apex the inner mantle hyphae completely 
replace root- cap tissue adjacent to the epidermis (Plate II-22). 
Continued development at the surface of the mantle has been seen 
to produce a wide range of hyphal tissues and hyphal outgrowths 
whose detailed structure depends largely upon the fungal symbiont 
involved (see Chapter III). 
(ii) The hartig net 
Intercellular penetration is initiated wichin 0.2 - 0.4mm 
of the tip, after the epidermal cells have attained their final 
shape and size. 
In comparison with the excellent electron micrographs of 
Pinus by Foster and Marks (1966), data collected from this region 
of Eucalyptus was limited by inferior fixation and embedding so 
that only general features can be observed in the electron micro-
graphs. Plates II-24 and 11-25 show early stages of intercellular 
penetration by hyphae with dense cytoplasmic contents. Places II-22, 
II-23 and II-26 show the more vacuolate hyphae encountered in a region 
of fully developed hartig nee, approximately 1mm behind the tip. 
The harcig nee does not normally penetrate between the epidermal and 
cortical cell walls (Plates II-4 and II-26). 
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c) Comparison of root-cap cissues 
The root-cap tissues of uninfected apices and mycorrhizas, 
collected at the height of the spring growth p~riod, differ little 
in overall size but are very different in their detailed organi-
sation (Figures 11-1 and 11-2). Thus, in the uninfected root-
cap, a small dome of organised tissue is surrounded by a loose 
cone of individual cells. By concrast, in the mycorrhizal cap, 
all cells remain in concacc and survive as an organised tissue 
both towards the tip and for some distance backwards along che 
flanks of the mycorrhizal axis . 
Root- cap cells in boch uninfecced roots and mycorrhizas are 
initiated as small angular cells filled with protoplasm which 
contains a coherent nucleus and a number of small dark amyloplasts 
and vacuoles (Places 11-5 and 11-13) . lntercellular cytoplasmic 
connections have been seen in boch tissues. 
Forward of che origin there is a rapid increase in vacuol-
ation, a development of large search grains in many amyloplasts 
and a substantial increase in wall thickness in both types of 
tissue (Plates 11-6 and II-14). In the uninfected root, cap cells 
start to separate, intercellular connections are no longer to be 
seen and the nuclei break down with the release of nucleoli . In 
the mycorrhiza, adjacent cap cells retain cytoplasmic connections 
and intact nuclei. Mycorrh1zal cap cells, in addition to the usual 
empty looking vacuoles, also contain vacuoles filled with eleccron-
opaque material. 
Cap cells near the very tip of uninfected roots and mycorr-
hizas are quite distinct (Places 11-7 and 11-15) , Uninfected root-
FIGURE 11-1. Uninfected root apex of Eucalyptus st-johnii 
traced from mosaic of low-power electron 
micrographs. (Magnification 900x) 
r-c - Rooc cap cells. 
e - Epidermal cell. 
m - Extracellular material (shaded grey). 

FIGURE II-2. Mycorrhizal apex of Eucalyptus st-johnii traced 
from mosaic of low-power electron micrographs. 
(Magnification 900x) 
r-c - Root cap cells. 
e - Epidermal cell. 
t - Tip cell with layer of electron - transparent 
material lying between plasmalemma and cell 
wall (shaded grey on figure). 
Outside the root cap tissue, hyphae of the fungal 
mancle lie within a layer of extracellular material 
(shaded grey) . 
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cap cells are rounded, axially elongate and contain only a few 
amyloplasts and degeneracing golgi bodies. Individual cells are 
entirely separaced within a matrix of extracellular material. 
By contrast, mycorrhizal cap cells are transversely elongate and 
remain pressed together, although cytoplasmic connections no longer 
pass between cells. The lumen in most cells is almost entirely 
filled with homogeneous electron-opaque material. Electron-
cransparent areas, which appear somewhat similar to the extracellular 
material of the uninfected root- cap, are seen between the cell wall 
and the plasmalemma of chese apical cells, and also overlies the 
surface of the root- cap (Places II-15 and II-9). 
Cap cells on the flanks of uninfected apices become empcy and 
flattened within the matrix of extracellular material (Places II-8 
and II-19). Cap cells on the flanks of mycorrhizal apices also 
become flattened to some extent but recain their contents until 
attacked by mantle hyphae (Plates 11-10, II-20 and II-12). Hyphae 
progressively subdivide the cap cells until only small fragmencs 
remain between the mantle tissue which replaces them (Place l in 
Chilvers, 1968b) . 
d) Comparison of the epidermal tissues 
During their early stages of development, the epidermal 
cells of uninfected and myco rhizal root apices pass through similar 
morphological stages, from angular, more-or-less isodiametric cells 
near the tip, to radially elongate columnar cells (Figures II-1 and 
II-2). This change appears to result from a continuance of anti-
clinal divisions and some radial elongation. Ultimately, epidermal 
cells of the uninfected root change the r orientation as a result of 
axial extension in the region of root elongation (Figure 2 in 
Chilvers and Pryor, 1965). Root hairs may form at this same 
stage. In mycorrhizal apices the epidermal cells retain their 
early columnar shape indefinitely and never form root hairs. 
The contents of young epidermal cells of both organs are 
similar to those of the adjacent rooc-cap cells and include 
prominent nuclei, some small dark amyloplasts and a number of 
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small vacuoles (Plates II-5 and II-13). The uninfected root is 
already distinguished from the mycorrhiza, however, by the presence 
of a thick electron-transparent layer separating the root-cap 
and epidermal tissues. 
In the anterior columnar region , large vacuoles are present 
in cells of both uninfected roots and mycorrhizas, but much cyto-
plasm still remains (Places II-18 and II-21), Golgi bodies are 
readily visible within the cytoplasm of the uninfected root 
epidermis at this stage. The electron-transparent material out-
side these epidermal ells can be resolved into a cell wall and a 
thick textured layer of extracellular material beyond it (Plate 
II-19). 
This layer is completely absent from the mycorrhizal 
epidermis (Plates II-20 and II-21) which makes it difficult co 
distinguish between cap and epidermis in the early stages of 
mycorrhizal development (Place 11-13). However, like the mycorr-
hizal cap cells, the early columnar cells of the mycorrhizal 
epidermis contain considerable quantities of electron-opaque material 
within some of the vacuoles (Plate II-21). This materi al has a 
more granular appearance than its counterpart in the cap cells . 
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Epidermal cells of uninfected roots become completely 
vacuolated in the region of cell elongation. Epidermal cells 
of mycorrhizal roots become vacuolated soon after attaining che 
columnar shape. 
e) Comparison of corcical cissues 
No essencial differences were observed between outer corcical 
cells of uninfected and mycorrhizal apices. However, che inner 
cortical cells of eucalypc mycorrhizas develop very discinccive 
thick walls on their radial and inner tangential walls (Plates 
II-27 and II-28). These have not been seen in uninfected roots. 
f) Comparison of stelar cissues 
The only discrepancies which were detected between uninfected 
and mycorrhizal stelar cissues resulted from the general phenomenon 
of differentiation occurring closer co che ape~ in che latter 
(Figure 2, Chilvers and Pryor, 1965) . 
3. 
a) 
(i) 
DISCUSSION OF MYCORRHIZAL STRUCTURE 
Secretory accivity in the cap and epidermal tissues 
A comparison between Eucalypcus sc-johnii and Zea mays 
The extracellular material associated with the root- cap 
and epidermal cells of uninfected roots of Eucalyptus st-johnii 
has its counterpart in other species , for example Zea mays 
(Whaley et al, 1959; Mollenhauer et al, 1961; Leech et al, 1963; 
-- -- --
Bell and Mccully, 1970). Bell and McCully (1970) showed that 
the extracellular material of Zea mays was po lysaccharide in 
nature and der ved from the secretory activity of the root- cap 
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and epidermal cells. They demonstrated chat the polysaccharide 
lying over and between the outer cap cells was less dense than 
the layer which coated the epidermal cells. The two areas also 
gave different histochemical staining reactions, suggesting that 
they differed chemically also. Mollenhauer~ al (1961) and 
Leech et al (1963) also working wich Zea mays, described the role 
of the golgi apparatus in production and secretion of these 
materials. They did not distinguish the polysaccharides as a 
separate phenomenon from che normal cell wall, describing them 
merely as outer wall layers . 
The broad sequence of developmental changes in cells of 
the eucalypt cap and epidermal cells, coincides closely with che 
descriptions of these regions in Zea mays (Whaley et al, 1959; 
Mollenhauer~ al, 1961; Leech et al, 1963). The Eucalyptus 
st-johnii preparations do not show the fine deLail of Lhese authors' 
excellent pictures . However, intact golgi bodies can be seen in 
the root-cap cell illustrated in Place II-18, and the stacks of 
swollen golgi ciscernae, visible in Place II-6 of a lace scage 
root cap cell , form precisely the same configuration as chat 
illustrated in similar cells of Zea mays (Whaley et al, 1959). 
It appears that essentially the same processes are ac work in both 
Eucalyptus and Zea. From a comparison of the electron micrographs 
of Z. mays (Mollenhauer!=.!::. al, 1961; Leech~ al, 1963) with Plates 
II-5 , II-6, II-7, II-8 and II-19 of!· st-johnii, it would seem 
likely that the secretion process causes an initial increase in 
cell wall thickness as a result of additional matricular material 
being inserted into the original wall structure. Later, perhaps 
when the wall has become saturated, the polysaccharides are exuded 
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to form distinctive surface layers. 
(ii) Root- cap secretions in the mycorrhizal apex of Eucalyptus 
Extracellular material is less prominent in the mycorrhizal 
apex than in the uninfecced root-cap (Figures 11-1 and II-2); no 
intercellular material is presenc and the outer layer is much 
thinner at the tip. This could possibly be due either to a 
reduction in secretory activity or co the breakdown of poly-
saccharide. 
The mantle hyphae in Lhe cip region are entirely embedded 
within the mucilaginous layer (Places II-9, II-10). It is possible 
that chey digest a proportion of che polysaccharides and utilize 
the breakdown products as a source of nucrienc. 
does not appear to have been considered before. 
This possibilicy 
In an established 
mycorrhizal symbiosis chis would play only an auxiliary role in 
fungal nutrition. However, during the early establishment of a 
mycorrhiza it could have special significance, since extracellular 
polysaccharides would be the first pocencially nutritive material 
invaded by the fungus. The relationship between fungus and poly-
saccharide layer clearly warrants further investigation. 
The appearance of electron-opaque homogeneous material in 
the osmium tetroxide - uranyl nicrate stained ulcrasections of 
mycorrhizal cap cells, indicates that some profound alteration 
occurs in the metabolism of these cells compared to che uninfected 
cap cells. This alteration could cake the form suggested by 
Harley (1969): " .•.. that the fungus interferes with the normal 
synthesis of cell-wall mater al during the development of che cells 
of the epidermis-cap complex . • .• and that che simple precursors ..•. 
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are utilized". This possibility is considered in the next cwo 
sections. 
(iii) The absence of a polysaccharide layer over the epidermal 
cells in the mycorrhiza of Eucalyptus 
The suggestion that, in mycorrhizal apices, there is a 
reduction in polysaccharide secretion by root-cap cells , receives 
support from observations made on che related epidermal tissue. 
The layer normally secreced by the epidermis is completely absent 
in the mycorrhizal apex . (Compare Figure Il-1 with 11-2 and see 
Plates 11-13, II-20, II-21). As observed in the case of the root 
cap, there is a coincidental appearance of electron-opaque material 
within the epidermal cells (Place II-21); although in chis case the 
material does not pervade the whole cell and has a more granular 
appearance. The vacuoles containing this material are distributed 
predominently towards the oucer end of the columnar cells where 
secretory activity 1s normally concentrated. This suggests that 
the appearance of electron-opaque material within cells is linked 
causally with the absence of polysacchar1de material outside them . 
Mollenhauer~ al, (1961) described the production of vesicles 
from the margins of golgi bodies. These vesicles moved co the 
plasmalemma, fused with it and eventually discharged their concencs 
outside che protoplast where chey polymerised as cell wall material. 
The contents of the original vesicles (precursor molecules?) were 
electron-opaque and the external maLerial (polysacchar1de~) was 
electron- transparent. In some cases, prior to discharge, che 
vesicles were pressed together in clusters . In the uninfected 
eucalypt root tip the secreted layer was also electron- transparent 
(Plates II-5, II-19). During the early stage of their development, 
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the dark filled vacuoles of the epidermal cells of mycorrhizas 
bear some resemblance to the clusters of vesicles of Zea mays 
shown by Mollenhauer~ al . Conceivably the 'granules' of 
later epidermal cells are the vestiges of such vesicles, separated 
by the general expansion of the vacuoles containing them. Electron-
opaque material is seen also in che form of large globules attached 
to the tonoplast of fully vacuolated epidermal cells (Plate II-25). 
The author originally referred co these as 'coacervates' (Chilvers, 
1968b), imagining chem co resulc from condensation of the granular 
material present in earlier cells, buc it is possible that chese 
are also vesicular in nacure . A vesicular origin for the electron-
opaque material of cheroot- cap cells is also indicated by the 
pattern of shrinkage cracks (Plate II-20), except chat in this case 
che vesicles were very much larger. 
The detailed origin of the eleccron-opaque material in 
mycorrhizas muse await invesciga cion by higher resolution eleccron 
microscopy, but it is apparent chat in boch cap and epidermal cells, 
the mycorrhizas show evidence of some inward secretion of material 
through che conoplasc and into central vacuoles, in contrast to the 
wholly outward oriencacion ot secretory activity in che uninfected 
roots . 
(iv) Significance 
The re ognition of the essencially secretory nature of cap 
and epidermal cells (Mollenhauer~ al, 1961; Leech~ al , 1963) 
makes it clear why mycorrh zal fungi are organised almost 
exclusively in relation to these tissues . The ectotrophic 
mycorrhiza is no doubt based on exploitation of this basic secretory 
function. 
In the case of che epidermal cells, chis exploitation 
may well take the form of a blockage in the polymerisation of 
polysaccharides, leaving small molecular precursors available 
for nutrition of the fungus as suggested by Harley (1969). 
However, the events which have been detected by electron 
microscopy are inconsistent wich chat view co che extent that 
material appears to be secreted inwards, and hence away from 
the fungus. But the occurence of electron-opaque globules 
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in epidermal cells of che harcig-net region was variable. In 
one mycorrhiza examined, very large globules lined most of the 
vacuole; in another mycorrhiza no globules were seen at all. 
Perhaps material which collects in the vacuole during che early 
developmental stages, is remobilised in some mycorrhizas at a 
later stage . If further work should prove chis co be the case, 
it could be interpreted to mean thac the secretion of material 
inwards is a by-produce of the physiological changes involved 
in the adJustment towards a symbiotic relationship, and that 
its persistence in some mycorrhizas is a measure of their 
continuing nutritional inefficiency. 
There is evidence (Ashford - personal communication) chac 
the early secretory activity of epidermal cells is lost during 
their normal axial elongation phase. If , as suggested here, 
secretory activity is cru ial co the operation of a mycorrhiza, 
it is perhaps significant chat che epidermal cells of mycorrhizas 
always retain the ' embryonic' columnar shape and never form root -
hairs. (But see also the next seccion relating to the operation 
of physical forces in a mycorrhizal apex). 
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Leech et al stated that the epidermal cells are surrounded 
by walls differing from ocher cell walls by virtue of the 
secretion of material into chem. The limitation of hartig net 
development to the epidermal tissue could therefore result from 
unique physical or subscrace properties of these walls. There 
is still che difficulty that che hartig net usually penetraces 
only between radial walls of the epidermal cells and not between 
the inner tangential wall and t:he underlying corcical cells 
(Plate II-4). The present auchor takes che view that it is che 
nature of the 'middle lamella' region which is important,since 
the cells separate along the midplane of che walls (Plate II-24). 
(Foster and Marks , 1966, also showed chis for pine mycorrhizas). 
Conceivably the 'middle lamella' region between cortical and 
epidermal cells is determined in part by che cortical cell and 
has a different composition from the region between two epidermal 
cells (for instance, Plate II-26 shows slight differences in 
thickness between these areas) . This has vital significance, 
for if the epidermal cells were completely isolated from che rest 
of the root by fungal tissue, they could not provide a focus for 
the transfer of substances between the two organisms! 
In the mycorrhizal cap cells, the persistence of vesicular 
boundaries after they have been penetrated by fungal hyphae 
(Plates II-12 and II-16) suggests that the electron-opaque contents 
were at least partially polymerised or gelled in the natural state. 
Although the cap cells on the flanks of the mycorrhizal tip appear 
to be in relatively betcer order than similarly placed cells of 
the uninfected root tip, possibly because their intercellular 
connections have not been severed by separation (Wood, 1967), they 
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probably have only limited vitality. They do noc offer the same 
potential for establishment of a continuing symbiotic relation-
ship as the epidermal cells; consequently they contribute once 
only to the mycorrhizal relationship, when they are consumed by 
invading fungalhyphae (Plates II-12, II-16, II-17), The fungal 
hyphae within these cells show no evidence of being subjected to 
defence mechanisms as alleged by Foster and Marks (1966). 
One final aspect of the secretory phenomenon deserves 
comment. Within the mycorrhizal axis, extremely chick wall 
deposits are laid down within che inner cortical cells (Plates 
II-27, II-28). At the present time no clear function can be 
assigned co these structures, and it may be that they are created 
as a by-product of changes in secretory activity induced in the 
peripheral cells. 
(v) The normal function of secreted polysaccharides in 
uninfected roots 
A usual view of the function of the root- cap is that it 
acts as a buffer protecting the generaci~e centre of the extending 
root axis from abrasion by the soil through which it is growing 
(Esau, 1953) . The cap cells a r e cue off from the tip in a 
forward direction, but eventually they are left behind on the 
flanks of the root tip. Figure 11-1 shows the continuous 
adjustments in geometry that are necessary for this configuration 
to be maintained. The root- cap mucilage appears to serve the 
function of a lubricant permitting the cells to become redistributed 
in relation to one another during this geometrical readjustment. 
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Bell and McCully (1970) suggested chat the denser epidermal 
secretion provided a barrier to autodigestive processes during 
lateral root emergence but, since this layer is present ac other 
times, their rationale is too limited. When the overall configu-
rations of uninfected and mycorrhizal apices are compared (Figures 
11-1 and 11-2), it seems much more likely that this layer serves 
a hydraulic function, equalising compression forces over the dome 
of the root axis and relieving shear forces at the junction between 
the root - cap and epidermal cissue. Where this layer is absent in 
the mycorrhizal apex, the rooc- cap and epidermal tissues remain 
locked together and retain evidence of their joint origin within 
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the 'Kappe' region of Schuepp (cited by Clowes, 1968) in the form 
of prominent inverted T and Y junccions involving cells of both tissues. 
(See especially Figure 1 in Chilvers, 1968b bound inco the back of 
this thesis). The anticlinal walls of mycorrhizal cap cells on the 
flanks of the axis tend to be slanted in a manner which suggests they 
are responding to a shear force (Figure 11-2), and the underlying 
cell layers of the mycorrhizal apex are less well organised than 
those of the uninfected root which might also indicate an uneven or 
abnormal distribution of forces. 
These last two phenomena are only incidental co che basic 
structure of the mycorrhizal axis, but they focus atcention on the 
possibility that physical forces have a larger role in the development 
of the distinctive mycorrhizal configuration. 
b) A hypothesis co explain som~major differences between 
mycorrhizal and uninfected rooc apices 
Torrey (1963) summed up the special problems of cell and 
tissue differentiation posed by the multicellular condition as 
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follows: "In multicellular organisms cells abut upon each other; 
these associations affect cell shape by physical contact, cell 
movement by surface interactions , and cell physiology by the inter-
change of metabolites or even of cytoplasmic contents". The 
problem of the development of a mycorrhizal axis adds a further 
dimension to the problem, in the form of the interaction of two 
separate multicellular tissues from two different organisms. 
Attempts to explain the formation of a mycorrhizal root axis have 
concentrated on interchange of morphogenetic metabolites between 
the two organisms (Melin, 1963, Slankis, 1967). Most of these 
studies have been carried out on Pinus whose mycorrhizas do not 
offer particularly good anatomical criteria by which to judge the 
effectiveness of such compounds. When napthalene-acetic-acid was 
used to simulate the mycorrhizal branching habit in uninfected 
Eucalyptus roots, it did not produce the most characteristic 
anatomical features of mycorrhizas such as the radially elongate 
epidermal cells (Chilvers and Pryor, 1965). 
While it is not denied that morphogenecic chemicals may 
be involved in the formation of a mycorrhizal axis, it is considered 
that insufficient attention has been given to the possible role of 
physical factors. Accordingly , the following represents an attempt 
to explain some of the main features of the mycorrhizal configuration 
in mechanical terms, supporting the argument where possible from the 
preceeding electron microscope daca. 
The main proposition advanced is that a growing mycorrhiza 
involves a balance of forces between the forward pressure exerted 
by the lengthening root axis and the restraining force of the fungal 
hyphae passing over the tip and 'guyed' back into the network of 
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fungal tissue adpressed to the flanks of the mycorrhiza. In such 
a system the fungus at the tip would be under tension and the root 
apex would be subject to compression. 
Fungal hyphae in the tip region tend to be strongly 
orientated in an axial direction (Figure 11-2, Place II-11). This 
could result from a continuous tension in the region between the 
advancing tip and the static differentiaced region further back. 
However, hyphal orientation could also result from directional 
growth of the hyphae, so this evidence is equivocal . 
On the other hand, several features of the forward root - cap 
tissue give clear evidence of a compressive force acting in an axial 
direction. Compared co che foremost root- cap cells of an uninfected 
axis (Figure II-1, Plate II-7) those in the mycorrhiza are shorter 
in the axial direccion and have longer transverse dimensions (Figure 
11-2, Plate 15). Another prominent feature of the central cap cells 
of the mycorrhiza is the sinuate appearance of axially orientated 
anticlinal walls compared with the smooch arcs described by the peri-
clinal walls (Figure 11-2, Plates II-14 and II-15). The anticlinal 
walls of the cap cells on the flanks of the root tip do not show this 
distortion (Figure 11-2, Plate II-10), so this also supports the idea 
of ax ally orientated compression . A third feature of the mycorrhizal 
root - cap is the complete absence of intercellular spaces. In the un-
infected root tip, the leading cells become separated within a large 
volume of mucilaginous material (Figure 11-1). In the mycorrhizal 
axis, similar material is present in only two regions: outside the 
boundary of the root - cap tissue and inside the leading cap cells. In 
these cells, the material lies predominantly towards the front edge 
of the cell, between the cell membrane and the cell wall (Plate II-15). 
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This could be taken to mean that these cells were secret i ng the same 
material as the cap cells of che uninfected root, but that local 
pressure was preventing this material from moving through the walls 
and forcing the cells apart in the usual manner. 
It is always possible for artifacts to appear during fixation 
and embedding for electron microscopy, and it may be argued that 
the above features resulted from shrinkage during this proceedure. 
However, the strict localisation of these features would suggest 
otherwise. 
Another feature of the mycorrhizal axis which could perhajs 
be explained in physical terms is the radial elongation of epidermal 
cells. In the uninfected root, the epidermal cells pass through 
a developmental phase where they are normally columnar in appearance 
(Plate II-18) but later, in the region of root elongation, they 
extend axially. In the mycorrhizal axis, they retain the columnar 
appearance indefinitely. However, mycorrhizal epidermal cells increase 
in size and their final volume may be very little different from chat 
of mature cells in uninfected roocs (Chilvers and Pryor, 1965). The 
radial extension of mycorrhizal epidermal cells could also be a response 
to axial compression which restriccs root growth in the normal forward 
direction but which permits some radial expansion of these peripheral 
cells . 
Several distinctive features of the mycorrhizal axis are 
consistent , therefore, with che hypothesis that the mycorrhiza involves 
a balance of opposing forces. It is worthwhile to consider if this 
might explain any other aspects of the mycorrhizal phenomenon. One 
area in which there appears to be contradictory evidence, relates to 
the initiation of mycorrhizas. Clowes (1951) reported observations 
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which suggested that mycorrhizal fungi somehow 'captured' normal 
active beech root apices and converted them into the mycorrhizal 
configuration. Warren Wilson (1951), on the other hand, found 
uninfected apices of very slowly growing roots which already looked 
similar to mycorrhizal axes, and which were only later converted 
to mycorrhizas by fungal infection. Harley (1969) expressed the 
view that mycorrhizas may be formed by both methods. However, 
a difficulty associated with this view is that whereas the work 
of Clowes implies that mycorrhizal fungi place some restraint on 
root growth, that of Warren Wilson suggests that roots are stimulated! 
The following hypothesis offers a possible solution to 
this dilemma. If ensheathment by the fungal mantle imposed a 
physical constraint upon forward growth of roots but at the same 
time offered a limited chemical stimulation to the root axis, then 
the mycorrhiza would contain the essential ingredients of a system 
in dynamic equilibrium. The very uniform growth and configuration 
of most mycorrhizas would seem to fie well with such an idea. 
c) Prospects for fucure work 
The chemical nature of the root - cap polysaccharide layers 
needs to be investigated hiscochemically to direct a search for 
fungal enzymes which can utilise or modify it. 
Any improvements in the quality of fixation and embedding 
of mycorrhizal apices for electron microscopy is likely to be re-
warded by a clearer picture of the nature of the modifications to 
the secretory process . 
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Artificial physical restraints placed upon the forward 
growth of uninfected apices might clarify the role of physical 
forces during the modification of root apices into the mycorrhizal 
configuration. 
PLATE 11-1, Silhouette of 'long' root of Eucalyptus rossii 
with clusters of mycorrhizal 'short roots' . 
(Natural size) 
PLATE 11-2. A comparison of ontogenetically equivalent uninfected 
and mycorrhizal apices of Eucalyptus st-johnii 
growing next to the inside surface of a clay pot. 
(Approx. 15x natural size) 
The uninfected rooc has a narrow tapered apex 
(centre left of photograph) and the mycorrhiza 
has a thicker rounded apex (centre right of 
photograph). 
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PLATE 11-3. Branched mycorrhizas growing from an uninfected 
long root of Eucalyptus dives. (Magnification 35x) 
The uninfected long root crosses the photograph 
horizontally. The fine branched fibres around 
the mycorrhizas and long root are fungal 
rhizomorphs. 

PLATE II-4. Longitudinal section through outer layers of 
mycorrhiza from Eucalyptus dives. 
(Magnification lSOOx) 
c - Cortical cell. 
e - Epidermal cell, 
h - Hartig nee seen in plan view where it 
passes over the axial wall of an epidermal 
cell . The hartig net can be seen in 
section where it lies between the transverse 
walls of other ce l ls . 
m - Fungal mantle. 
(The top of the photograph is orientated towards 
the mycorrhizal apex.) 

PLATE II-5. Electron micrograph of longitudinally sectioned 
cells near the origin of the root-cap and epidermal 
tissues of an uninfected root apex of Eucalyptus 
st-johnii. (Magnification 4000x) 
PLATE II-6 . 
j - Junction between root-cap (above) and 
epidermis (below). 
n - Nucleus wich darker central nucleolus. 
v - Vacuole. 
a - Amyloplasts. 
i - Intercellular connections between cells. 
Electron micrograph of longitudinally sectioned 
cells from che centre of the root - cap of an 
uninfected apex of Eucalyptus st-johnii 
(Magnification 4000x) 
a - Amyloplascs with large search grains 
w - Thickened cell walls. 
(The tops of both places are orientated coward the root 
apex,) 

PLATE II-7. 
PLATE II-8. 
Electron micrograph of longitudinally sectioned 
cells from the forward region of an uninfected 
root apex of Eucalypcus st-johnii. 
(Magnificacion 4000x) 
w - Walls of adjacenc cap cells. 
s - Regions where the cell walls are separated 
by extracellular macerial. 
g - Golgi apparatus during process of degeneration. 
Electron micrograph of longitudinally sectioned 
cells from the margin of cheroot - cap of an 
uninfecced apex of Eucalypcus st-johnii. 
(Magnificacion 4000x) 
m - Extracellular macerial lying between the cap 
cells. 
(The tops of both plates are oriented toward the root apex.) 

PLATE 11-9. Electron micrograph of a longitudinal section through 
the fungal mantle at che mycorrhizal apex of Eucalyptus 
st-johnii. (Magnification 4000x) 
h - Hyphae of the fungal mantle. 
m - Extracellular material between che fungal hyphae. 
r-c - The underlying root-cap. 
PLATE 11-10. Electron micrograph of a longitudinal section through 
the fungal mantle on the flanks of the mycorrhizal 
apex of Eucalyptus st-johnii. (Magnification 4000x) 
h - Hyphae of the fungal mantle. 
m - Extracellular material outside the fungal hyphae. 
Cells on the right of the plate are root-cap cells with 
electron-transparent walls and electron-opaque contents 
subdivided by shrinkage cracks. 
(The tops of both plates are orientated toward the mycorrhizal apex.) 
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PLATE II-11. Electron micrograph of a tangencial section 
through the fungal mantle on the flanks of the 
mycorrhizal apex of Eucalyptus st-johnii. 
(Magnification 4000x) 
n - Nuclei . (The particular hyphal compartment 
containing these four nuclei is unusual and 
occurred intermittently within the mantle 
of one mycorrhiza . ) 
v - Vacuoles in otherwise dense protoplast. 
d - Section chrough doli pore septum. 
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PLATE II-12. Electron micrograph of a longitudinal section through 
the fungal mantle of a mycorrhiza of Eucalyptus 
st-johnii, just forward of che hartig net region. 
(Magnification 4800x) 
h - Hyphae of che fungal mantle. 
m - Extracellular material 
p - Hyphae penetrating through the electron dense 
material contained within root •cap cells. 
e - Epidermal cell. 
(The top of the micrograph is orientated towards the 
mycorrhizal apex.) 
PLATE II-13. Electron micrograph of longitudinally sectioned 
cells near the origin of the root-cap and epidermal 
tissues of a mycorrhizal apex of Eucalyptus 
st-johnii. (Magnificacion 4000x) 
n - Nucleus with prominent nucleolus. 
a - Amyloplasts . 
The junction between rooc-cap and epidermal tissues 
cannot be ascercained with any certainty; the cells 
at the base of the micrograph appear to relate to 
both tissues. 
PLATE II-14. Eleccron micrograph of longicudinally sectioned 
cells in the cencre of the cap tissue of a 
mycorrhizal apex of Eucalyptus st-johnii. 
(Magnificacion 4000x) 
v - Normal vacuoles. 
o - Vacuoles filled with electron-opaque material. 
c - Cytoplasm 
i - Incercellular cytoplasmic connections. 
pw - periclinal wall forming smooth arc. 
aw - anticlinal wall thrown into folds. 
(The tops of both plates are orientated towards the mycorrhizal 
apex.) 

PLATE 11-15. Electron micrograph of longitudinally sectioned 
cap cells of che apex of a mycorrhiza of 
Eucalyptus st-johnii . (Magnification 4000x) 
w - Original wall of cap cell. 
t - Electron transparent material inserted 
between original wall and plasmalemma. 
(The top of che micrograph is orientated 
towards the apex of che mycorrhiza.) 

PLATE 11-16. Electron micrograph of tangential section through 
the fungal mantle and a fungal invaded cap cell 
near the apex of a mycorrhiza from Eucalyptus 
st-johnii. (Magnificacion 4000x) 
h - Hypha invading cap cell. 
k Dikaryon in hypha. 
w - Opposice walls of cap cell. 
o - Electron-opaque contents of cap cell. 
hm - Ordinary mancle hyphae. 
PLATE 11-17. Electron micrograph of tangential section through 
the fungal mantle and a fungal invaded cap cell 
near che apex of a mycorrhiza from Eucalyptus 
st-johnii. (Magnification 4000x) 
h - Hyphae invading cap cell. 
w - Opposite walls of cap cell. 
o - Electron-opaque contents of cap cell. 
hm - Ordinary mantle hyphae. 

PLATE 11-18. Electron micrograph of longitudinally sectioned 
columnar epidermal cells from uninfected root 
of Eucalyptus st-johnii. (Magnification 5000~) 
g - Golgi apparatus. 
PLATE 11-19. Electron micrograph of a longitudinal section 
of the layer ouLside the columnar epidermis of 
an uninfected root of Eucalyptus st-johnii. 
(Magnification 5000x) 
e - Epidermal cell. 
re - Scale - like root - cap cell. 
rm - Shrunken residue of extracellular material 
from root cap region. 
em - Thick layer of extracellular material 
overlying epidermal cells. 
(The tops of both plates are orientated towards the root apex.) 
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PLATE II-20. Electron micrograph of longitudinal section 
through fungal mantle and root - cap cells on the 
flanks of a mycorrhizal apex of Eucalyptus 
st-johnii. (Magnificacion 4000x) 
j - Junction becween cap tissue (left) and 
epidermis (right). 
o - Electron-opaque contents of cap cells. 
s - Shrinkage cracks in electron-opaque contents 
of cap cells. 
h - Hyphae of the fungal mancle. 
m - Extracellular macerial between the mantle 
hyphae. 
PLATE II-21. Electron micrograph of longitudinal section 
through epidermis and porcion of che cap tissue 
on the flanks of a mycorrhizal apex of Eucalyptus 
st-johnii , (Magnification 4000x) 
j - Junction becween cap tissue (lefc) and 
epidermis (righc) . 
n - Nucleus of epidermal cell. 
v - Normal vacuole of epidermal cell. 
o - Vacuoles containing granular electron-opaque 
material (compare wich eleccron-opaque material 
of cap cells in Plate II-20 above) . 
(The tops of both plates are orientated toward the mycorrhizal 
apex.) 

PLATE II-22. Electron micrograph of transverse section through 
the hartig net region of a mycorrhiza of Eucalyptus 
st-johnii. (Magnification 3000x) 
e - Epidermal cell~ 
h - Hyphae of the harcig net between epidermal 
cells. 
hm - Mantle hyphae. 
PLATE II-23. Electron micrograph of transverse section through 
the hartig neL region of a mycorrhiza of Eucalyptus 
st-johnii. (Magnification 12,000x) 
e - Epidermal cells. 
h - Hyphae of che harcig net between epidermal 
cells. 
n - Nucleus in hypha. 

PLATE II-24. PLATE II-25. 
L.S. through early 
hartig net region. 
(Magnification 11,000x) 
L.S. through early 
hartig net region . 
(Magnification 12,000x) 
e - Epidermal cells. 
h - Hyphae of che hartig net. 
w - Walls of adjacent epidermal cells 
being wedged apart. 
o - Electron-opaque material associated 
with tonoplast region of cytoplasm 
lining the epidermal cell. 
PLATE II-26. Electron micrograph of transverse section through 
hartig net region of mycorrhiza of Eucalyptus 
st-johnii. (Magnification 14,000x) 
e - Epidermal cell . 
co - Cortical cell. 
w - Wall becween epidermal and cortical cells 1 
h - Hypha of the harcig net between epidermal cells. 
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PLATE II-27. Electron micrograph of cransverse section through 
inner cortical cell of mycorrhiza of Eucalyptus 
st-johnii. (Magnificacion 6700x) 
co - Corcical cell. 
e - endodermal cell. 
w - modified wall of inner cortical cell. 
PLATE II-28. Eleccron micrograph of transverse section through 
inner cortical cell wall of mycorrhiza of Eucalyptus 
st-johnii. (Magnificacion 12,000x) 
co - Corcical cell. 
e - Endodermal cell . 
w - Modified wall of inner cortical cell. 
p - Pit in wall of corcical cell. 
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information lacks some of the precision of the established method 
it would perhaps compensate for this by the greater amount of 
data that could be accumulated, There is, in any case, some 
merit in studying the specificity of plant-fungus relationships 
in the natural environment. 
This approach raises a secondary problem. Where eucalypts 
are growing naturally in mixed stands there is the question of 
identifying roots. With a little practice, it was found to be 
relatively easy to distinguish eucalypt roots from the roots of 
acacias and other understorey plants within the forest, but there 
appeared to be no gross morphological or anatomical characters 
which could be used to distinguish between the roots of different 
species of Eucalyptus. One section of this chapter is devoted to 
the investigation of this problem. 
2. MORPHOLOGICAL AND ANATOMICAL CHARACTERISTICS USED TO 
DISTINGUISH MYCORRHIZAS 
a) Gross morphology of mycorrhizas 
The gross morphology of mycorrhizas can be used as a 
diagnostic character in a limited number of cases only. Most 
mature mycorrhizas form pyramidal systems (Plate III-2, I II-5). 
By contrast, mycorrhizas due to Cenococcum graniforme (Sow.) 
Ferd. & Winge are generally simple (Plate III-1). 'Knot' 
mycorrhizas of Eucalyptus also appear to be characterist i c of 
a particular f ungal symbiont (Plate III-8). 
b) Organisation of mantle tissue 
In connnon with gross morphology, the organisation of the 
fungal hyphae in the mantle will find full expression only in 
mature mycorrhizas. Dominik's (1959) classification of 
mycorrhizas is strongly predicated upon this character, which 
he determined by sectioning. A loosely organised prosenchyma 
tissue (Plate 111-9) can be readily distinguished f rom a more 
compact synenchyma tissue (Plate 111-10) . 
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In the present study it was found that finer distinctions 
cou l d be drawn between tissue types if the mantle was studied 
in plan view by clearing whole mycorrhizas or pieces of mantle 
removed from the root axis, Several clearing techniques were 
tried, and heating in unstained lactophenol was se l ected as a 
simple and satisfactory method. In the case of darkly pigmented 
mycorrhizas it was useful to bleach the mycorrhiza first in a 
50% solution of 'Milton' (Sodium hypoch l orite stabil ised with 
sodium chloride, manufactured by Milton Pharmaceutical Co.). 
Figure 111-1 shows a number of tracings made from l ow-contrast 
photomicrographs taken through an oil immersion ob j ective, with 
illumination set to produce a very narrow depth of focus. Four 
levels of tissue organisation can be distinguished. Felt 
prosenchyma (Figure III-1 a,b) consistsof a moderately compact 
weft of sparingly branched hyphae, characterised by well spaced 
septa. The hyphae which make up this felt prosenchyma are 
generally identical in structure with individual vegetative 
hyphae of the same fungus, where these are found in the adjacent 
soil, Net prosenchyma (Figure III-1 c,d) consists of a more 
FIGURE III-1. Comparison of tissue organisation in the mantle 
of eucalypt mycorrhizas as seen in plan view. 
a,b) Felt prosenchyma. 
c,d) Net prosenchyma. 
e,f) Irregular synenchyma. 
g) Clusters of regular synenchyma surrounded 
by short radiating hyphae 
(Cenococcum graniforme). 
h) Regular synenchyma. 
a b 
C d 
f 
h 
1001' 
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densely woven network of hyphae which are characterised by 
shorter 'cells' or 'compartments' between septa and which branch 
frequently at wide angles, These hyphae are often wider than 
individual vegetative hyphae and the walls may bulge out a 
little between septa to produce a rather beaded appearance. 
Irregular synenchyma (Figure 111-1 e,f) is a compact tissue in 
which the branching habit of the hyphae is obscured. The hyphae 
are usually much wider than individual vegetative hyphae and are 
subdivided into very short compartments by frequent septation. 
Seen in plan view the walls are sinuate and give the tissue a 
distinctive 'jigsaw puzzle' appearance. Regular synenchyma 
(Figure 111-1 g,h) is a thoroughly compacted tissue in which even 
the hyphal basis of the tissue is hard to discern. Hyphae are 
subdivided into more or less isodiametric cells with angular 
walls. This tissue has been described as pseudoparenchyma, but 
this term is avoided here because irregular synenchyma, and even 
the more compact prosenchyma, may look parenchyma-like in cross 
sectional view. 
More than one of these tissue types may be represented in 
the same fungal mantle. For instance, net prosenchyma frequent ly 
overlies and merges gradually with underly ing irregular synenchyma. 
c) Hyphal characteristics 
(i) Hyphal dimens i ons 
Hyphae of a given mycorrhiza may vary widely in di ameter , 
in distance between septa and in wall thickness, depending on 
the type of tissue in which they are involved (above). However , 
individual hyphae at the surface of the mantle, or those 
running out into the soil, are generally much more consistent 
in structure, and anatomical details of these are useful in 
distinguishing the more extreme types. 
(ii) Clamp-connections and septa 
I n the surface hyphae of the mantle, clamp-connections are 
easily seen if present (Plate 111-11). Fontana (196 1) used 
f requency of clamp-connec t ions compared to septa and Trappe 
(196 7) no t ed differences i n the form of clamp- connections 
which may be useful as criteria. 
Clamp-connections are the hallmark of a basid i omycete but 
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may no t always be present. The presence of dis t inc tive dolipore 
septa are equally character i stic but somewhat more difficult to 
detect . Dolipore septa can be seen easi l y in e l ectron micrographs 
of ultra-thin sections (Plate 111-12). Parmeter (1965) used phase 
contrast light microscopy to see than at high magni fication. I n 
this study it was found that, with care, they could be distingu i shed 
in the lactophenol-c l eared material under oi l immersion (Plate 111-13), 
Incorporation of small quantities of cotton-blue s t ain in the 
lactophenol often assisted by staining up regions, possibly the 
parenthesomes, on e i t her end of the dol i pore. Ano t her basidiomycete 
characteris tic, paired nuclei or dikaryons, can also usually be 
detected in lactophenol-cleared material if chlora zol b l ack E 
is incorporated as a stain (Plate 111-14) . Confirmation, where 
necessary , is best carried out using pieces of fragmented mantle 
stained in aceto-iron-haematoxylin (Wi ttman 1962), 
(iii) Surface characteristics of hyphae 
Hyphae often possessed distinctive surface features, 
visible under high power of the light microscope. Irregular 
incrustations, like those previously reported by Fassi & 
de Vecchi (1963) were quite common. More regular processes 
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were also seen, These included smooth, lens-shaped globules 
(Plate III-15), glassy spheres (Plate III-16) and rough cone-
shaped papillae (Plate III-17). These processes only just fall 
within the resolving power of the light microscope, so attempts 
were made to study them with the electron microscope by using 
replication techniques. However, it was found impossible to 
separate the plastic replicas from such small subjects as 
individual hyphae. High resolution scanning electron microscopy 
will no doubt reveal more details of these surface structures 
in due course. The preliminary observations suggest that these 
incrustations are somewhat analogous to the labile outer layers 
of plant cuticles (Whitecross & Armstrong, 1972). In some 
cases, where the incrustations appear intermittently, they 
appear to substitute for a smooth outer layer on the hyphal 
wall and could be either a stage in the development of an outer 
secreted layer or a cracked and shrunken vestige of it. Two 
types of irregular incrustation dissolved in warm lactophenol, 
but all other incrustations were stable in that medium. 
d) 'Cystidia' and distinctive hyphal outgrowths from the 
mantle surface 
The term 'cystidium' is most properly applied to certain 
structures within basidiocarps, (Smith, 1966) so the term here 
* 
is used in inverted commas to describe similarly structured 
entities found on mycorrhizas. Where these occur they show 
limited variability and as taxonomic criteria are probably 
not inferior to many features used in formal funga l taxonomy. 
Figure 111-2 illustrates several types of 'cystidia' seen in 
eucalypt mycorrhizas. Certain types of hyphal outgrowth are 
also found to be useful characters and in some mycorrhizas 
'cystidia' and distinctive hyphae are associated together at 
the surface (Figure 111-2 b,d). 
e) Rhizomorphs * 
Rhizomorphs were found to provide valuab l e additiona l 
characters which could be used to classify the ass ociated 
mycor r h i zas. They ranged f r om simple compact bundl es of 
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parallel hyphae to complex structures wi th tissue dif ferent iation 
and surface processes of various types (Figures 111-3 and 
111-4). The composition of a given type of rhizomorph, however, 
was f ound to be extremely constant. 
f ) Sclerotia 
In the particular case of Cenococcum graniforme, 
distinctive spherical bl ack sclerotia (Plate 111-18) associated 
with the black mycorrhizas have been employed as an important 
diagnostic (e.g. Lihnels, 1942; Trappe, 1964). 
Garrett (1970) distinguishes 'mycelial strands' from 'rhizomorphs' 
on morphogenetic grounds and acknowledges that the two types of 
organ are difficult to distinguish when mature. But l er (19 66) 
uses 'mycelial strand', and Trappe (1967) uses 'rhi zomorph' as 
a collective term to include both types. It is apparent that a 
separate collective term is really required, but Trappe'susage 
of ' r hi zomorph' is followed throughout this thesis. 
FIGURE. III-2. Comparison of a range of 'cystidia' and 
characteristic hyphal outgrowths observed 
in eucalypt mycorrhizas. 
a) 'Cystidia' from one mycorrhiza. 
b,b')'Cystidia' and hyphal outgrowths from 
one mycorrhiza 
c) 'Cystidia' from one mycorrhiza. 
d,d')'Cystidia' and hyphal outgrowths from 
one mycorrhiza. 
• 
100 MICRONS 
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FIGURE 111-3. Comparison of the surface appearance of 
different types of rhizomorph associated 
with eucalypt mycorrhizas. 
• 
& 
100 fl 
FIGURE III-4. Comparison of transverse sections through 
different types of rhizomorph associated 
with eucalypt mycorrhizas. 
a) Undifferentiated bundles of parallel hyphae. 
b) Compact rhizomorph in which interhyphal spaces 
appear to be filled with secreted material. 
A thick layer, encrusted with spheroidal 
processes, surrounds the whole rhizomorph. 
c) Rhizomorph differentiated into large diameter, 
thin-walled, 'conducting' hyphae in the centre, 
and narrower thick-walled hyphae around the 
periphery. This particular type also has 
characteristic 'setae' extending from the 
surface. 
a 
100 .. 
b 
g) Descriptions of distinctive types of eucalypt mycorrhiza 
based on anatomical criteria 
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By using anatomical criteria such as those above, more than 
a dozen distinct types of eucalypt mycorrhiza can be distinguished 
from each other on the basis of multiple characters of low 
variability. Published descriptions of eight of these are included 
at the end of this thesis (Published paper number 2 1 'Some 
distinctive types of eucalypt mycorrhiza' 1 Chi l vers 1968a). 
More mycorrhizal types can be distinguished on single characters 
of low variability, or on multiple but unreliable characteristics. 
Undoubtably, many more fungi are invo lved in mycorrhizal formation 
with Eucalyptus than will ever be distinguished by anatomical 
features alone. 
3. 
a) 
(i) 
CHEMICAL CHARACTERISATION OF MYC ORRHIZAS 
Pigmentation 
Visual assessment 
Colour differences between mycorrhizas provided the first 
clue to their variability. Visual assessment of colour has 
been used in most morphological-anatomical descriptions of 
mycorrhizas (Marks, 1965; Anderson, 1966). The human eye can 
discriminate between very small differences in colour but the 
descriptions are usually limited to statements of yellow, 
orange etc. Colour plates are useful (Plates 111-1 to 111-8) 
but are dif f icult to reproduce so that they conform exactly 
with live colours. Information on co lour could perhaps be 
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conveyed more precisely by reference to a standard colour system 
such as that of Munsell (1952), Trappe (1967), however, pointed 
out that while colour is a stable character in some mycorrhizas, 
in others it varies widely with the developmental stage of the 
tissue. This is nowhere better exemplified than in the belated 
discovery (Park 1970) that the mycorrhizas of Cenococcum 
graniforme may originate as white to buff structures before 
turning their characteristic jet black. Changes in p~gmentation 
were not found to be a problem in the study of Eucalyptus 
mycorrhizas since they were generally collected in the form of 
branched clusters which included young, mature and ol d tissues, 
and from among t hese the mature stage could be readily selected 
for description. In addition, colour change with maturation can 
sometimes be a useful character in its own right, as in eucalypt 
mycorrhiza type 3 (Plate III-3). 
(ii) Ultra-violet pigmentation 
Trappe (1967) found that mycorrhizas irradiated under long-
wave u l tra-vi olet light often fluoresced in the visible range 
with di f ferent colours. He suggested that examination of 
mycorrhizas under a U.V. mi croscope with a variety of f ilters, 
could prove valuable f or diagnostic purposes. When eucal ypt 
mycor rhizas were investigated in this way, the number which 
fluoresced was very small and fluorescence was generally associated 
with the very tip region. Naked uninfec t ed roots fluoresce in 
this same r egion so that i t is possible t hat the f l uores cence in 
these particu l ar mycorrh i zas may be a root character. Fungus 
f luorescence was detected in two different co l our ed mycorrhizas 
where it did not contr i bute much information of value. 
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(iii) Chromatography of ultra"1\ljolet pigments 
Since the overall fluorescence of a biological tissue 
represents a complex interaction between various U.V. fluorescing 
and U.V. light absorbing compounds, it was thought that combining 
chromatography with ultra-violet examination of the chromatograms 
might prove to be a more generally useful source of information. 
Accordingly, clusters of mycorrhizas were extracted in 95% ethanol 
and spotted onto paper together with extracts of naked uninfected 
roots. These were developed in butan-1-ol~acetic acid--"Water 
(4:1:5 parts by volume) and observed under long-wave U.V. in the 
presence and absence of ammonia vapour. Faint patterns were 
observed, mainly in the presence of ammonia, and some differences 
were noted between the mycorrhizas and uninfected roots. The 
bulk of the pattern, however, seemed to relate to the pl ant root 
tissue. It was also clear that even the largest mycorrh i zal 
clusters contained too little material for this technique to be 
used successfully. 
b) Chemical spot-tests 
Watling (1966) reports that over 40 chemical spot-tes t s 
have been employed in mycological taxonomy. Several have been 
used on mycorrhizal mantles (Peyronel, 1934; Pantidou and 
Groves, 1966) with limited but occasional ly useful results. 
Meltzer's Iodine, sulpho-vanillin, 10% (w/v) ferrous sulpha te 
and 50% (v/v) ammonium hydroxide were tried on a range of eucalypt 
mycorrhizas, but no colour reactions were obtained. They are 
judged to have onl y intermittent value and do not at this stage 
add much to anatomical studies. 
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c) Electrophoresis of soluble proteins 
A technique which is potentially of much wider application 
is electrophoresis of soluble proteins. This has been shown to 
have value in fungal taxonomy (e.g. Clare, Flentje and Atkinson, 
1968). It has the special merit that a single assay will normally 
produce relatively large amounts of information which can be 
used for taxonomic purposes. An early trial us i ng starch ge l 
electrophoresis and mycorrhizas sampled from pot grown seedlings 
was inconclusive , but good results have recently been obtained 
by using disc electrophoresis through polyacrylamide ge l 
columns of extracts from laboratory grown mycorrhizas. 
(i) Method 
Approximate ly 300 mycorrhizal tips were required for a 
satisfactory electrophoretic assay. These were ground up in a 
pre-cooled mortar and pest l e with a pinch of acid-washed sand 
and a small quantity (less than 2ml) of a pH 8.0 buffer containing 
0.1 M tromethamine (Tris), 17% sucrose, 0.1% ascorbate and 
0.1% 1-Cysteine hydrochloride. After centrifugation at 5000 g 
at 4°C, a small volume of clear supernatant was recovered which 
contai ned between 1-2 mg/ml of so l uble protein as estimated by 
the method of Lowry et al (1951). This extract was maintained 
at a temperature of 1-2°C until used. 
Columns of polyacrilamide gel were prepared according to 
the method of Davis (1964) in 60 mm x 6 mm constant bore glass 
tubes. Most of the tube was f illed with fine pore gel (7.5%) 
but th i s was capped with a short length of coarser 'stacking 
gel' (2.5%). These were then mounted between the compartments 
of a two-storeyed reservoir charged with 0,1 M Tris-glycine 
buffer solution (pH 8.3) at 4°C. A suitable volume of the 
mycorrhizal extract (0.1-0.2 ml containing approximately 200 µg 
of protein) was applied to the top of the stacking gel. 
Bromophenol blue was added to the buffer in the top compartment 
to provide an indication of the moving front. A Vokam 80 mA 
power supply was then connected between electrodes in the top 
and bottom reservoirs and set to supply a constant current of 
2.5 mA through each ge l column. Negatively charged molecules, 
including most of the soluble proteins at this pH, moved down 
the column in response to the applied voltage. Most charged 
molecules passed rapidly through the coarse stacking gel, which 
functioned to screen out solid debris left in the extracts and 
to permit the proteins to concentrate initially in the form of 
a uniform narrow band at the interface between the two gels. 
From the top of the finer gel, regarded as the true 'origin' of 
the run, molecules became separated into bands which ran at 
different speeds, depending on their size and charge. The run 
was terminated when the marker dye had migrated to within 2 mm 
of the base of the tubes. 
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Proteins were revealed by staining the gels in a 1% solution 
of naphthalene acetic black 12B in 20% acetic acid. Excess dye 
was removed by destaining in 7% acetic acid for 48 hours. 
Densitometer traces were obtained for some gels by scanning them 
on a Shimadzu MPS spectrophotometer at a wavelength of 625 nm. 
Some gels were also stained to detect esterase, phosphatase and 
polyphenoloxidase activity by the techniques of Lawrence, Melnick 
& We i mer (1960). 
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(ii) Results 
The technique was originally tested on eucalypt mycorrhizas 
synthesised in the laboratory with Pisolithus tinctorius as 
fungal symbiont (see Chapter V), Duplicate runs were carried 
out with eight different species of Eucalyptus representing 
three distinct subgenera - Corymbia, Monocalyptus and 
Symphyomyrtus (Pryor & Johnson 1971), Duplicate runs us ing 
extrac ts from a given mycorrhizal combination when stained for 
total protein gave identical results (P l ate 111-19). Notwith-
standing the diversity of eucalypts used, al l the mycorrhizas 
gave very s imilar protein patterns (Plate 111-19 and Figure 
111-5 a-e), The impression that these patterns wer e mainly 
derived from the fungal component was conf irmed by running 
extracts of mycelium of P. tinctorius grown on agar plates and 
in broth culture (Figure 111-5 f), A compar i son of densitometer 
traces from the protein patterns of P. tinctorius mycelium and 
mycorrhizas formed between it and five diff erent Eucalyptus 
species shows (Figure 111-5) that all share the same five 
protein bands of high mobility(Rf values 0.95, 0 .90, 0,84 1 
0 .78 and 0 . 73), and four heavily staining bands of intermediate 
mobi li ty (Rf values 0,65, 0,60, 0.55 and 0,52), One extra 
fast-running band was apparent in the fungal mycelium and there 
were several small variat ions between mycorrhizas and fungal 
mycelium among the slower bands. 
Following the successful results with synthesised 
my corrhizas, the techni que was tried on a number of large, 
homogeneous mycorrhizal clusters collected from natural forest 
trees. Because of the limited material, these were extracted 
FIGURE III-5. Comparison of densitometer traces of electro-
phoretic protein patterns obtained from extracts 
of Pisolithus tinctorius, an~ mycorrhizas formed 
with it, 
a) Mycorrhizas synthesised between f. tinCborius 
and Eucalyptus maculata subgenus Corymbia. 
b) Mycorrhizas synthesised between P. tine tori us 
and Eocalyptus radiata subgenus Monocalyptus. 
c) Mycorrhizas synthesised between P. tinctorius 
and Eucalyptus sieberi subgenus Monocalyptus. 
d) Mycorrhizas synthesized between P. tinctorius 
and Eucalyptus polyanthemos subg. Symphyomyrtus 
e) Mycorrhizas synthesized between f. tinctorius 
and Eucalyptus dalrympleana subg. Symphyomyrtus 
f) Mycelium of P. tinctorius grown on potato 
dextrose agar. 
(On the figure; numbers 1 to 9 identify 
peaks common to all these protein patterns; 
x identifies a fast moving band peculiar to 
the mycelium. 
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FIGURE III-6. Comparative drawings made from electrophoretic 
protein patterns of eucalypt mycorrhizas with 
different fungal syrnbionts. 
a) Laboratory synthesised mycorrhizas of 
Eucalyptus dalrympleana with 
Pisolithus tinctorius. 
(See also Figure III-Se.) 
b) Type 2 mycorrhizas from forest. 
c) Type 8 mycorrhizas from forest. 
d) Uncharacterised mycorrhizal cluster from 
forest. 
+ 
t relative mobility 
-
~ 
... .. 
12345 6789 
-
a 
b 
C 
d 
53 
in a minimal volume of buffer to provide approximately 0.1 ml 
of supernatant after removal of cell debris, and all of this 
was applied to a single gel. Some samples gave no satisfactory 
results at all, but most of them were resolved into faint but 
useful patterns which could be compared visually. Some of the 
successful runs were derived from mycorrhizas with distinctive 
anatomical features; it was therefore possible to make a 
comparison between classifications based on anatomical and 
electrophoretic data. Thus two samples of eucalypt mycorrhiza 
type 2 (Chilvers 1968a), collected from different sites on 
separate occasions, were both found to give the same protein 
pattern. Three samp l es of eucalypt mycorrhiza type 8 (Chilvers 
1968a) from different sites also gave identical patterns. The 
characteristic patterns of each mycorrhizal type are shown in 
Figure 111-6. 
Esterase, phosphatase and polyphenoloxidase bands were 
obtained from three of the mycorrhizal combinations with 
P. tinc tor i us. The same bands appeared in all three combinations, 
but since each gel only produced two or three p i eces of 
information th i s approach was discontinued. 
The work in this section (3c) was carried out in 
collaboration with Dr R.J. Seviour (Seviour & Chilvers 1972) . 
4. CHROMATOGRAPHIC I DENTIFICATION OF EUCALYPT ROOTS 
Hillis (1966a,b; 1967a,b,c,d) made an extensive chromato-
graphic survey of various polyphenols f rom eucal ypt leaves and 
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demonstrated that they had value as taxonomic criteria, Willing 
(personal communication) has demonstrated how such chromato-
graphic 'fingerprints' can be used to relate certain eucalypt 
hybrids to their parents. It seemed reasonable to expect that 
roots would also exhibit chemical differences which could be 
revealed in this way. The earlier attempt (section 3a, iii -
this chapter) to characterise mycorrhizas also implied that 
this could be done if sufficient root material were available 
for analysis. 
a) Method 
It appeared from Willing's work, that alcoholic extracts 
developed on paper with butan-1-ol~acetic acid--water mixtures 
generally produced the maximum amount of information from leaf 
extracts; this was subsequently confirmed for roots by com-
parison with the alternative extraction procedure (warm HCl) 
and alternative solvents ('Forestal'; benzene:acetic:water; and 
dilute acetic acid) used by Hillis (1966b). This was considered 
important because the first trials showed that roots produced 
less chemical information than leaves of the same test plants 
(!,st-johnii and!· fastigata). The roots of a number of 
species were accordingly assayed by this technique. 
Ten young nursery-grown trees were sampled from each of 26 
eucalypt species representing the two subgenera Monocalyptus (8 
species) and Symphyomyrtus (18 species). In addition, roots from 
old trees of six species were included for comparison. All roots 
\.Jere washed well, rut up into short sections arrl extracted fur several 
days in 95% ethanol. The extracts were then filtered, 
concentrated by evaporation and spotted on to Whatman 3MM 
chromatography paper. These were developed to a distance of 
55 
30 centimetres by descending chromatography with a mixture of 
butan-1-ol, acetic acid and water (6:1: 2 parts by volume) . The 
chromatograms were examined under daylight, short-wave ultra-
violet light and long-wave ultra-violet light in the presence 
and absence of ammonia vapour. It was found that long-wave 
ultra-violet gave most information. The position of f luorescent 
spots was measured re l ative to the so l vent front (Rf). 
b) Results 
The pattern of spots observed for each species was found 
to be reasonably consistent throughout the ten replicates and, 
in the four instances which permitted the compariso~ between 
younger and older trees of the same species. The characteristics 
of the main spots and their distribution throughout the test 
species are summarised in Table 111-1. 
Some spots (e.g. spot 8, Table 111-1) were common to most 
species and consequently had no discriminatory value. Other 
spots (e.g. spot 4, Table 111-1) appeared in only a few species 
and could have value for distinguishing between closely related 
species. Most interesting, however, were two spots (spots 2 
and 9, Table 111-1) whose distribution through the speci es 
appeared to correlate closely with the subgeneric status of 
the species. The distribution of these two spots through a l l 
replicate plants is given in Table 111-2. 
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Spot 2 was seen in the case of 13 of the 18 Symphyomyrtus 
species tested. In 9 of these species it appeared in every 
plant. This compound ran close to the front at Rf 0.97 and 
appeared pinkish-buff under daylight. Under long-wave U~ it 
fluoresced yellow to greenish-yellow (Plate 111-20 and III-22). 
This fluorescence dulled slightly in the presence of ammonia 
vapour. There was no trace of this spot on any of the chromato-
grams from Monocalyptus species so it is henceforth referred to 
as the Symphyomyrtus spot or compound 'S'. 
Spot 9 was present in 9 of the 10 Monocalyptus species 
tested. In 6 of these species it was present in every plant. 
Quite invisible in daylight, this compound gave only slight 
buff fluorescence under long-wave U~ until it was exposed 
simultaneously to ammonia vapour, when it fluoresced a strong 
light-yellow (Plate 111-2] and 111-22). Rf values varied 
slightly about the mean of 0.34 (±0.03). This spot was never 
prominent in the Symphyomyrtus chromatograms but 7 of the 
Symphyomyrtus species did show a very faint yellow fluorescence 
in the same region. Therefore, it is possible that the same 
compound is present in both subgenera, but at significantly 
different concentrations. Nevertheless, this spot is subsequently 
referred to as the Monocalyptus spot or compound 'M'. I t is 
interesting that E. viminalis and E. dalrympleana (both from 
Symphyomyrtus) which both gave slight fluorescence near 
Rf 0.34 in chromatograms of the young trees, gave none at all 
in the older trees. 
When both spots were considered together, it was judged 
that 19 of the 28 species examined could be assigned to one or 
TABLE 111-1. A chromatographic comparison of root extracts 
from different species of Eucalyptus. 
Explanation of table: 
Species in the top part of the table are members of the 
subgenus Monocalyptus; species below are from the 
subgenus Symphyomyrtus. 
Species marked with an asteri sk were sampled as older 
trees; the remainder were pot grown seedlings. 
+ i ndicates that fluorescent spot appears in most of the 
plants sampled; ? indicates that ~ e,:,-~T faint spots were 
seen in most plants. 
Characteristics of the various fluorescent spots distinguished 
under long-wave ultra-vi olet: 
(1) Rf 0.98; blue, enhanced by NH3 . 
(2) Rf 0.97; yellow to greenish yellow, dulls in presence 
of NH3 . 
(3) Rf 0.80; very pale pink. 
(4) Rf 0.70; bri ght btue, enhanced by NH3 . 
(5) Rf 0.58; pale blue, enhanced by NH3 i 
(6) Rf 0.56; pale yellow, enhanced by NH3 . 
(7) Rf 0.43; blue, slightly enhanced by NH3 . 
(8) Rf 0.40; pale buff. 
(9) - ~f 0.34; pale buff, turns br i ght light yellow in 
presence of NH3 . 
(10) Rf 0.30; buff. 
(11) Rf 0.23; or~nge, ~hanced'. bw NH3 . 
(Slower moving spots were obscured by brown smear.) 
Spot no:- 1 2 3 4 5, 6 7 8 9 10 11 
E. laevopinea + + + + + + + 
-
E. obliqua + + + + + + 
-
E. fastigata* + ? + + ? 
-
E. delegatensis + + + + + + + 
-
E. delegatensis* + + + + + + + 
-
E. pauciflora* + + + + + 
-
E. stellulata + ? + + + + + 
-
E. pulchella + + + + + 
-
E. nitida + ? ? + + + + + 
-
E. amygdalina + ? ? + + + 
-
E. andrewsii + ? t t 
-
E. grandis + + + 
-
E. grandis* + + + 
-
E. amplifolia + + ? + 
-
E. camphora + + + + 
-
d E. aggregata + + + ? + 
-
E. acaciiformis + + + + + + 
-
E. nicholii + + + + + + 
-
E. neglecta + + + 
-
E. angophoroides + + ? ? + ? + 
-
E. bridgesiana + + + + 
-
E. st-johnii + + ? + + 
-
E. smithii + ? + + ? + 
-
]_. viminalis + + + + ? ? ? 
E. viminalis* + + + + ? ? 
-
E. dalrympleana + ? + + + ? + 
--
E. dalrympleana* + · + + + + 
-
E. rubida + + + + 
-
E. chapmaniana + ? + 
-
E. gunnii + ? + + + ? + 
-
E. perriniana + + + + + + 
-
E. cordata + + + + + + + 
-
Classification of EucalyEtus species Number of 
Subgenus 
Monocalyptus 
Symphyomyrtus 
TABLE III-2. 
(Pryor and Johnson 1971) samples out 
~f ten with 
spot 
Series Species 2 
Capitellatae E. laevoE i nea 
-
-
.Ohl:i.q1Ja..e E. obliqua -
-E. fastigata* 
-
-E. delegatensis 
-
-E. delegatensis* 
-
-E. Eauciflora* -
-E. stellulata 
-
-Piperitae E. Eulchella -
-E. nitida 
-
E. amygdalina 
-
-
-E. andrewsii 
-
Salignae E. grandis -
-E. grandis* -
-Tereticornes E. amplifolia 
-
-Ovatae E. camphora 9 
-E. aggregata 1 
-E. acaciiformis (6/6) 
-E. nicholii 10 
-Viminales E. neglecta -
-E. 
-
angophoroides 9 
E. 
-
bridgesiana 10 
10 E. st-johnii 
-E. smithii 10 
-E. viminalis 9 
-E. viminalis* 10 
-
.!· dalrympleana 10 
E. dalrympleana* 10 
-E. rubida 10 
-E. chapmaniana 10 
-E. gunnii -
-E. perriniana 5 
-E. cordata -
-
Number of Eucalyptus plants from each species 
which give chromatographic spots 2 and 9. 
(? indicates very slight fluorescence in 
the region of spot 9.) 
no. 
9 
3 
10 
8 
10 
9 
8 
10 
10 
10 
10 
-
-
-
-
-
-
-? 
-
-
-
- ? 
-
-
-? 
-? 
-
-? 
-
-
-
-? 
-
- ? 
57 
other subgenus with a high degree of reliability. A few of the 
plants from three other species (!, laevopinea, E, aggregata 
and E. perriniana) could also be classified. 
The identity of compounds 'S' and 'M' is not known. On 
the basis of Rf value and colour of their fluorescence they 
cannot be equated with any of the compounds described by 
Hillis. In the case of spot 'M' this is understandable since 
a comparison of the leaves and roots of!• fastigata showed 
that it was only present in the roots. Spot 'S' is more difficult 
to account for since this occurs in bo t h roots and leaves of 
E. st-johnii. Its presence in the leaves was part i a l ly masked 
by fluorescent photosynthetic pigment which also ran close to 
the solvent front. Clearer chromatograms of this spot were 
obtained when the leaf extract was dried down s l owly so t hat 
much of the photosynthetic pigment came down with a floc cul ant 
precipitatle1~ which could be removed by filtration. 
S. DISCUSSION OF IDENTIFICATION OF EUCALYPT ROOTS AND 
MYCORRHIZAS 
a) Identification of mycorrhizas 
Some progress has been made towards a classification of 
eucalypt mycorrhizas based on characteristics of the fungal 
associates, and 8 ·.distinctive mycorrhizal 'types' have been 
se l ected for detailed description (Chilvers 1968a). 
Anatomical criteria, particularly organisat i on of t he 
mantle tissue and structure of associated hyphae, 'cystid i a' 
and rhizomorphs, have so far been the most generally useful 
source of 'taxonomic' information. Sections of the mantle, 
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as used in the earlier studies of Dominik (19 59), Marks (1965) 
and Anderson (1966), have been supplemented in this study by 
surface views of cleared whole mycorrhizas which permit finer 
distinctions to be made. Rhizomorphs have also been shown to 
deserve more attention than they have been accorded in the 
past. Mycorrhizal 'types' based on anatomical criteria have 
the advantage that very small mycorrhizal c l us t ers can be 
identified rapidly with the aid of a stereomicroscope and/or 
a transmitted light microscope after a brief clearing in hot 
lactophenol. Distinctive 'types' can therefore be used as 
marker species in studies on distribut i on and specificity of 
mycorrhizal fungi. 
It is clear however, that a large number of mycorrhizal 
fungi cannot be distinguished in the vegetative form by use of 
anatomical criteria alone. Ultrastructural detai l s of certain 
features, such as surface incrustations on hyphal walls, may 
prove useful additions to light micros copy in the f uture, but 
it is doubtful if the electron microscope wi ll extend t he 
number of ident i fiable fungi very much. For this reason some 
attention was given to possible chemotaxonomic approaches. 
Chromatography was tried and found to be altogether too 
insensitive for general use. Gel electrophoresis was found 
to be much more promising, giving consistent and relative l y 
large amounts of data in the form of dis t inguishab l e prote in 
'bands' for each assay. Moreover, most of this informa tion 
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was shown to relate to the fungal component of the mycorrhiza, 
a finding which is consistent with the electron microscope study 
(Chapter II) which showed that abundant protoplasm persisted in 
the fungal hyphae after most plant cells had become almost 
completely vacuolated. The application of gel electrophoresis 
is also limited by the comparative insensitivity of the 
technique. Relatively large clusters of mycorrhizas are re-
quired to produce a distinguishable protein pattern which 
prevents the technique being used for routine identification. 
On the other hand, it has certain potential for the initial 
task of distinguishing different mycorrhizal 'types'. I n 
the present study, for instance, it has been used to test two 
of the anatomically based categories of eucalypt mycorrhiza, 
and in doing so has lent additional confidence to the earlier 
work. 
An ultimate objective of such taxonomic work with 
mycorrhi zas i s eventually to relate the fungus to f ormal 
taxonomy by identifying it with its fructifications. The 
several possible approaches to this problem are all predicated 
upon previously suspected relationships (e.g. frequent 
observations of the proximity of certain mycorrhizas to 
particular f ruit bodies). I n the present study, mycorrh izal 
type 6 was ident i fied by tracing rhizomorph connections 
between the mycorrhizas and adjacent sporocarps. Howev er , 
this was a special case, both in the size and abundance of 
the rhizomorphs and i n the fact that the fru i t bodies grew 
underground among the mycorrhizas. Trappe (1967) started 
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from known fructifications and used isolates from these to 
synthesise mycorrhizas in pure culture. From these he made 
comprehensive anatomical descriptions which could subsequently 
be used to compare with naturally occurring mycorrhizas. A 
simpler technique may be to make direct comparisons between 
the protein chemistry of fructification and mycorrhiza. The 
most elegant way of achieving this would be to prepare 
fluorescent antibodies to the proteins in a f ructification and 
to use these to test the mycorrhi zas. This technique is 
relatively expensive and time consuming, however, and one 
would need to be fairly certain of the suspected re l ationship 
before embarking on it. Gel electrophoresis is much quicker 
and could be more suitable where several poss ible fructifications 
need to be compared with a mycorrhiz a l type. All these approaches 
tend to favour recognition of fungal species with prominent 
fructifications. Zak and Bryan (1963), elaborating on a 
technique of Warcup (1959), indicated an a l ternative approach. 
They isolated mycorrhizal fungi directly from mycorrhizas and 
identified three of them by comparison with known isolates from 
fruit bodies. Many of their isolates were unidentified but 
Warcup (personal communication) has shown that wi th patience it 
is possible to induce many basidiomycete mycelia to fructify 
in the laboratory and this approach could yield inf ormation on 
many more mycorrhizal associations than are currently suspec ted . 
b) Identification of eucalypt roots 
Chromatography of ethanolic extracts from roots has been 
shown to distinguish between a reasonably high proportion of 
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samples from the eucalypt subgenera Symphyomyrtus and Mono-
calyptus. It could also find some use i n distinguishing between 
species within these subgenera. Id~nti f ication of eucal ypt 
roots is facilitated in most forests of the Austral ian Capital 
Territory by the simple species composition of these forests ; 
usually one Symphyomyrtus species is paired with one 
Monocalyptus species in each habitat. Consequently the 
chromatographic tec~nique is immediate l y applicable to mos t 
problems of r oot ident ification which ar i se i n this ar ea. The 
main l imi tat i on of the technique is tha t several grams of root 
tissue are requ i red, so that i t cannot be app l ied di rect l y to 
the f iner l ater a l s and mycorrhizas. 
c) Prospec ts f or fu t ure work 
The t e chniques so far emp loyed for distinguishing mycor-
rhizal fungi in the symbiotic f orm are a l l limi t ed. Good 
anatomical criteria are present only on a proportion of 
mycorrhizas; electrophoretic protein patterns can be detected 
only in mycor r hizas which form larger clusters. An ideal 
techni que wou l d have to produce informat i on from a ll my corrhiza l 
types and be sens i t i ve enough t o be app licab l e t o smal l clusters. 
Seviour (persona l communicat i on) has pointed ou t t ha t the 
technique used by Myers and Watson (19 69) , to ob tai n rap id 
diagnos i s of viral and funga l diseases of p l ants, may satisfy 
the above r equirements. The technique emp l oys a comb ina tion 
of pyrolysis and gas chroma togr aphy, and i t is hop ed t o apply 
it to charac t erisation of mycorrh i zas when equ i pment becomes 
ava i lab le shortly. 
The 'Symphyomyrtus' and 'Monocalyptus' chromatographic 
spots have been eluted and re-run to increase purity. The 
Symphyomyrtus compound dries down to an amorphous smear but 
the Monocalyptus compound has been crystallised on a small 
scale, It will not prove difficult to obtain material in 
suf f i cient quantity to identify these compounds, s hould they 
have interest for taxonomists of Eucalyptus. 
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PLATE III-1. 
Mycorrhiza type 1. 
(Magnification 48x) 
PLATE Ill-3. 
Mycorrhiza type 3. 
(Magnification 24x) 
PLATE III-2. 
Mycorrhiza type 2. 
(Magnification 24x) 
PLATE III-4. 
Mycorrhiza type 4. 
(Magnification 96x) 

PLATE III-5. 
Mycorrhiza type 5. 
(Magnification 24x) 
PLATE III-7. 
Mycorrhiza type 7. 
(Magnification 24x) 
PLATE III-6. 
Mycorrhiza type 6. 
(Magnification 24x) 
PLATE III-8. 
Mycorrhiza type 8. 
(Magnification 12x) 
) 
) 
PLATE III-9. Transverse section through prosenchymatous 
mantle of eucalypt mycorrhiza. 
(Magnification llOOx) 
PLATE III-10. Transverse section through synenchymatous 
mantle of eucalypt mycorrhiza. 
(Magnification llOOx) 

PLATE III-11, 
Clamp connections in 
surface hyphae of the 
mantle of a eucalypt 
mycorrhiza. 
(Lactophenol cleared 
material; magn. 1900x) 
PLATE III-13. 
Dolipore septa in 
mantle hyphae of 
eucalypt mycorrhizas. 
(Lactophenol cleared 
material; magn. 1900x) 
PLATE III-12. 
Electron micrograph 
of dolipore septa 
in ultra-thin section 
through mantle hyphae 
of a eucalypt mycorrhiza 
(Magnification 5300x) 
PLATE III-14, 
Dikaryons in mantle 
hyphae of a eucalypt 
mycorrhiza. 
(Lactophenol cleared 
material stained in 
chiorazol black E. 
Magnification 1900x) 

PLATE III-15. 
Lens-shaped incrustations 
on hyphae associated 
with eucalypt mycorrhiza. 
(Magnification 1900x) 
PLATE III-17. 
Papillate incrustations 
on hyphae associated 
wich eucalypt mycorrhiza. 
(Magnification 750x) 
PLATE III-16. 
Spheroidal incrustations 
on mantle hyphae 
of a eucalypt mycorrhiza. 
(Magnification 1900x) 
PLATE III-18. 
Sclerotium of 
Cenococcum graniforme. 
(Magnification 40x) 
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PLATE III-19. A comparison of electrophoresis gels obtained 
from mycorrhizas formed bet~een Pisolithus 
tinctorius and three different species of 
Eucalyptus. 
All gels are stained for total proteins. 
Top pair of gels are duplicate runs 
from mycorrhizas of!_. fastigata. 
Middle pair of gels are duplicates 
from mycorrhizas of!• dalrympleana. 
Bottom pair of gels are duplicates 
from mycorrhizas of E. leucoxylon. 
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PLATE III-20. Chromatograms of root extracts from various 
species within the subgenus Monocalyptus, 
photographed under UV in the presence of NH3 . 
Species from the top downwards: 
EucalyJ~tus delegatensis 
Eocaly]~tus fastigata 
Eucalyptus stellulata 
Eucalyptus pulchella 
Eucalyptus amygdal i na 
Eucaly;etus andrewsii 
PLATE III-21. Chromatograms of root extracts from various 
species within the subgenus Symphyomyrtus, 
photographed under UV. 
Species from the top downwards: 
Eucaly;etus nicholii 
Eucaly;etus st-johnii 
Eucaly;etus smithii 
Eucaly;etus rubida 
Eucalyptus cha;emaniana 
Eucaly;etus cordata 
PLATE III-22. Chromatograms of root extracts from replicate 
plants of two species, photographed under UV. 
Species from the top downwards: 
Eucalyptus nitida 
Eucalyptus bridgesiana 
(Mono cal.) 
(Symphyo.) 
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IV. DISTRIBUTION OF MYCORRHIZAS AND ROOTS OF EUCALYPTUS 
1. INTRODUCTION 
This chapter describes studies carried out on selected aspects 
of root and mycorrhizal distribution. 
The general observation, that mycorrhizas of Eucalyptus are 
most plentiful in the organic surface layers of high altitude 
podzolic and alpine humus soils (Chilvers and Pryor, 1965), was 
followed up by more precise estimations of mycorrhizal numbers in 
two soils. 
To provide necessary background information for the study of 
mycorrhizal specificity within the genus, special attention was 
given to mapping the fine-scale distribution of mycorrhizas and 
tree roots in a mixed eucalypt forest. 
Two pot experiments were carried out to assist interpretation 
of these observations on mycorrhizal distribution. 
2. THE FREQUENCY OF EUCALYPT MYCORRHIZAS 
a) Method 
A mixed forest site was selected at an altitude of 1300m 
in the Brindabella Mountains, near the head of a broad gully with 
an easterly aspect. Mature trees of Eucalyptus delegatensis and 
E. dalrympleana were growing there together on a red clay-loam, 
transitional between red-podzolic and alpine humus soils (Pryor 
and Brewer, 1955; Costin, 1959).* 
After removal of surface litter, soil was sampled in 5cm 
layers down to a depth of 25cm. On return to the laboratory, 
duplicate samples of 100g were weighed out from the various layers 
and mycorrhizas extracted by the decantation-sieving technique of 
Marks, Ditchburne and Foster (1967). A smaller sieve size (0.21mm 
instead of 0.50mm) was used to retain eucalypt mycorrhizas. To 
enhance soil dispersion, 500ml of 2% w/v sodium polymetaphosphate 
was added to the soil samples, one hour before wet-sieving commenced. 
Mycorrhizas and organic fragments recovered from the soil were dis-
tributed evenly between a number of petri dishes (depending on the 
amount of material) containing 2-3mm depth of water. One centimetre 
square quadrats were counted from these dishes and the total number 
of mycorrhizas per 100g of soil estimated in relation to the total 
surface area of the dishes. 
*This soil appears in the Atlas of Australian Soils, Sheet 3 
(Northcote, 1966) as map unit Mw15, and although mechanical 
analysis shows that it comes close to being a clay, soil organic 
matter in the surface layer appears to justify its inclusion within 
the loam soil type Gn2.14 (Northcote, 1965). 
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Soil samples collected* from under E. ovata growing in a rich 
krasnozem (Flowerdale, N.W. Tasmania) were also assayed for 
mycorrhizas using the same technique. 
b) Results 
Results are shown in Table IV-1. The duplicate samples show 
considerable variation but a trend is evident in the numbers of 
mycorrhizas counted. 
In the Brindabella forest soil sampled at different depths, 
mycorrhizas were more frequent in the topmost 10cm of soil. 
Below that level there was a fairly abrupt reduction in the numbers 
of mycorrhizas. This discontinuity coincided with a distinct 
change in the colour of the soil from dark brown to reddish brown, 
and als0 with a sharp reduction in the recovery of organic debris 
along with the mycorrhizas. 
The krasnozem soil gave relatively few mycorrhizas compared to 
the Brindabella mountain soil. 
3. THE PATTERN OF MYCORRHIZAL DISTRIBUTION WITHIN THE SOIL 
The results from section 2 above, and many general observations, 
indicated that the fine-scale distribution of eucalypt mycorrhizas 
within the soil was far from random. Since a substantial pro-
portion of mycorrhizas within the!• delegatensis - !· dalrympleana 
site investigated in section 2 were of distinctive types (Chapter 
III), an attempt was made to map their distribution within the soil. 
* Mr. B~K. Roberts kindly collected these soil samples. 
Estimates of the 
number of mycorrhizas 
in 100 g samples 
of moist soil 
(duplicate samples) 
Red forest soil from 
Brindabella mountains 
0 - 5 cm depth 1230 1420 
5 - 10 cm depth 1350 1080 
10 - 15 cm depth 450 620 
15 - r 20 cm depth 570 510 
20 - 25 cm depth 280 610 
Krasnoeem from FJ:owerdal.e : 
N.W. Tasmania 
0 - 5 cm depth 210 90 
TABLE IV-1. Numbers of mycorrhizas recovered from two 
different soils. 
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a) Method 
After several preliminary trials, the following compromise 
between precision and practicability was arrived at. A number of 
small survey holes were dug, until an area containing a reasonable 
proportion of anatomically distinguishable mycorrhizas was located. 
A metre square quadrat was then marked out on the most promising 
side of the hole. Surface soil, containing a high proportion of 
uninfected roots and small mycorrhizal clusters was scraped off 
this quadrat to a depth of 5cm. The quadrat was then systematic-
ally sampled to a depth of approximately 10cm, using a rabbit hoe 
to remove lumps of soil along a face. The lumps were broken up 
by hand and scored for clusters of mycorrhizas on the spot. 
Distinctive mycorrhizal types were classified visually with the 
aid of a hand lens; some samples were pickled in small tubes of 
alcohol for further checking under a microscope. 
Undoubtedly, many mycorrhizas, especially small clusters, were 
missed in this investigation and the mapping of the clusters was 
only accurate to within 5cm. These practical limitations must be 
taken into account when the results are examined. 
b) Results 
Figures IV-la and IV-lb show two areas investigated by the 
above method. 
The main feature of the maps, is the way in which a number of 
clusters of a particular mycorrhizal type were usually found group-
ed together to form larger 'colonies'. Individual 'colonies' 
often dominated an area of several square decimetres. In the 
FIGURE IV-1. Two maps of the fine-scale distribution of 
mycorrhizal clusters within a mixed eucalypt 
forest of Eucalyptus delegatensis and 
E. dalrympleana. 
Each map relates to a metre square quadrat; 
mycorrhizas were sampled between depths of 
5 and 18 cm. Estimated accuracy of mapping 
±5 cm. 
Key to symbols: 
Black circles ........... mycorrhizal type 2 
Black triangles ......... mycorrhizal type ~ 
Black diamonds .......... mycorrhizal type 7 
Black squares ........... mycorrhizal type 8 
Open triangles .......... unidentified 
Small symbols .......... estimated < 10 apices 
Medium symbols ......... estimated 10-100 apices 
Large symbols .......... estimated > 100 apices 
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case of mycorrhizal type 2 in Figure IV-la, rhizomorphs of the 
mycorrhizal fungus could be readily distinguished because of their 
clear bright yellow colour. These rhizomo r phs were scattered 
through the soil over an area which approximated closely to the 
boundaries of the mycorrhizal 'colony'. Similar relationships have 
been observed on a number of other occasions. 
The shape of some 'colonies' conformed closely to some recog-
nisable factor in the environment. For example, the elongated 
'colony' of type 8 mycorrhizas in Figure IV-la followed the line 
of a medium sized root. The large dense 'colony' of type 4 mycorr-
hizas in Figure IV-lb was confined almost entirely to a region of 
rotted wood buried in the soil. 
Collectively, the various 'colonies' formed a complex mosaic 
within the soil. 
4. POT EXPERIMENTS DESIGNED TO INTERPRET SOME OF THE OBSERVATIONS 
ON MYCORRHIZAL DISTRIBUTION 
a) A comparison of the effect of the concentration of applied 
nutrients on mycorrhiza formation in two species of Eucalyptus 
(i) Method 
A large experiment was designed to achieve three objectives: to 
compare mycorrhiza development in relation to different levels of 
applied mineral nutrients; to compare this response on two different 
species of Eucalyptus, namely!· delegatensis (subgenus Monocalyptus) 
and E. dalrympleana (subgenus Symphyomyrtus); and to assess the 
effect of inoculating pots with peaty soil from a natural forest 
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of th-ese t ree · spec ies . 
New 10cm clay pots were soaked to remove soluble salts, filled 
with coarse-sieved imported German peat moss, and planted with 6 
week old seedlings of!• delegatensis and!• dalrympleana. Blocks 
of 50 pots (25 with!• delegatensis and 25 with!• dalrympleana) 
were segregated into 4 screened bays of a small glasshouse reserved 
for this single experiment. All pots were suspended above the bench 
surface on expanded metal mesh, to permit free drainage and to avoid 
cross-contamination between pots. Alternate blocks of plants were 
'inoculated' by adding 50ml of mountain humus soil to the top of the 
pot. The other two blocks were given 50ml of the same material 
after it had been autoclaved. 
The experiment was set up in spring (October). For the first 
two weeks of growth, all plants were given weekly doses of a com-
plete nutrient solution. Following this, 5 different levels of 
nutrient were distributed among the plants according to a split-
plot latin-square arrangement. Treatments were based on a unit 
dose containing ' 20mg of ammonium nitrate plus 10mg of potassium 
dihydrogen phosphate. The five treatments were O, 1, 3, 9 and 
27 of these units per plant; a wide range being selected to ensure 
that the experiment was 'on scale'. Doses of nutrient were applied 
once a week, except during the final winter month when they were 
applied fortnightly. The experiment was terminated in winter (June) 
after eight months growth. 
After 8 months,all pots were screened for mycorrhizas by gently 
knocking out the peat core, which by this time had been bound to-
gether within a coherent network of fine roots growing next to the 
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inside surface of the pot. It was irmnediately apparent that there 
was little difference in mycorrhiza formation between 'inoculated' 
and 'uninoculated' blocks of plants. As a result of this, detailed 
examination was limited to the 'inoculated' plants which were 
grouped together and treated as follows. Tha fine root mat grow-
ing next to the pot surface was sampled by drawing two sharp 
scalpels (fixed 1cm apart) around the outside of the peat core 3cm 
down from the core surface. The strip of root mat in between these 
two cuts was carefully detached from the underlying peat (relatively 
few root connections passed inwards) and dropped into labelled test-
tubes filled with lactophenol cotton-blue. Batches of tubes were 
subsequently heated for 24 hours at 60°C to clear the root system. 
The strips were then mounted in clear lactophenol on slides, and 
all root tips scored for ~y.corrhiza formation under a transmitted 
light microscope. All plants were then carefully washed free of 
peat moss, oven dried at 105°C, and weighed. 
(ii) General results 
Table IV-2 gives the mean dry weights of the two species for 
each nutrient treatment. Plants grown with 27 nutrient units 
produced substantially less dry weight than plants with 9 nutrient 
units. Approximately one quarter of all the plants with this high 
level died, and had to be replaced within the array. Their root 
systems were composed of a few medium sized roots only, Eucalyptus 
delegatensis showed an increased growth response with increases in 
applied nutrients up to nutrient level '9'. ~. dalrympleana gave in-
creased growth up to level '3' only. In the case of both species, 
plants grown at nutrient levels '9' and '27' suffered substantial 
attacks of Powdery Mildew during the autumn. However, E. dalrympleana 
NutriQnt Mean dry weights of ten 
treatment plants of: 
E. E. 
- -
dalrymEleana delegatensis 
0 3.97 (!o .63) 3.57 (±0.22) 
1 unit 7.41 (±1.48) 11. 71 (±o. 48) 
3 units 12.76 (±3.80) 21.70 (±1.10) 
9 units 12.03 (±2.40) 32.99 (±3.18) 
27 units 5.99 (±2 .10) 10.55 (±3. 38) 
TABLE IV-2. The effect of five different levels of applied 
nutrients on the growth of two species of 
EucalyEtus. 
A nutrient unit is equal to 20 mg of NH4No 3 and 
10 mg of KH2Po4 per plant per week. The figures 
in brackets are the standard errors of the mean. 
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was more severely damaged than!· delegatensis and this, rather 
than nutrient toxicity, probably accounts for the slight reduction 
in dry weights between nutrient levels '3' and '9'. 
Table IV-3 gives the mean number of mycorrhizas and root tips 
for the first four nutrient levels. Significantly more root tips 
were recovered from!· delegatensis than!• dalrympleana at all 
levels of applied nutrient. However, within each species, there 
were no significant differences between the number of root tips 
sampled from the first three nutrient treatments, although the 
number of root tips increased with increasing levels of applied 
nutrients. YeY?~·r, root tips were recovered from plants grown at 
nutrient level '9' than at the lower levels. In the case of E. 
dalrympleana this reduction was statistically significant. 
The number of mycorrhizas recovered (Table IV-3) followed the 
same pattern in both species, reaching a peak at nutrient level 
11 1 , !• delegatensis produced significantly more mycorrhizas 
than!• dalrympleana at each of the first three nutrient levels. 
No mycorrhizas were found on any plant grown at nutrient level '9'. 
Figure IV-2 shows a comparison between mycorrhiza formation on 
the two species in terms of the percentage of mycorrhizal apices. 
Based on this criterion there was very little difference between 
!• delegatensis and!• dalrympleana, except at nutrient level '3' 
where the latter species had a substantially smaller proportion of 
mycorrhizas. At this nutrient level, overall growth of 
!• dalrympleana was only half that of E. delegatensis in terms of 
dry weight (Figure IV-2). 
Nutrient Mean number of mycorrhizas 
treatment and root tips from 
standard samples of ten 
plants of: 
E. E. 
-
dalr~:eleana delegatensis 
Total apices 1232 (±284) 1816 (±260) 
0 
Mycorrhizas 522 (±140) 871 (±140) 
Total apices 1323 (±260) 2226 (±418) 
1 unit 
(±239) Mycorrhizas 790 1389 (±241) 
Total apices 1338 (±138) 2268 (±443) 
3 units 
Mycorrhizas 228 (±113) 836 + (-188) 
Total apices 838 (±142) 1759 (±277) 
9 units 
Mycorrhizas 0 0 
TABLE IV-3. The effect of four different levels of applied 
nutrients on mycorrhiza formation in two species 
of Eucaly:etus. 
A nutrient unit is equal to 20 mg of NH4No 3 and 
10 mg KH2Po4 per plant week. The figures in 
brackets are the standard errors of the means. 

FIGURE 1v~2. A comparison between total growth and the 
percentage of mycorrhizal apices formed in 
two Eucalyptus species treated with four 
different levels of nutrient. 
A nutrient unit is equal to 20 mg of NH4N0 3 
and 10 mg of KH2Po 4 per plant per week. 
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(iii) Nitrogen and phosphorus in mycorrhizas 
A number of the most active looking mycorrhizas and un-
infected root tips from nutrient level 'O', were collected, 
bulked, sub-sampled and analysed for phosphorus and nitrogen.* 
Results are given . in Table . IV-4. 
Both nitrogen and phosphorus formed a significantly higher 
proportion by weight of mycorrhizal tips than of uninfected root 
tips. 
b) Experiment to determine the effect of mode of inoculation 
and nutrient concentration on rate of mycorrhizal initiation. 
(i) Method 
Sixty pots of peat moss were planted with!• delegatensis as 
in the previous experiment. These were divided into three lots 
of 20, each of which were given one of the same three nutrient 
treatments as before. 
At the same time, the following treatment was set up to 
parallel the above. Plants of!• delegatensis which had previously 
become infected with mycorrhizas were used as inoculum. Young 
uninfected seedlings were placed with their roots in contact with 
the mycorrhizas of these older plants and both these replanted to-
gether into a slightly larger pot. These were given nutrient 
treatment '3'. After two weeks the older plant was cut off at 
*Analyses were carried out by Miss M.A. Renbuss and Mr. W. Twine 
using an autoanalyser at the C.S.I.R.O. Div. Plant Industry, 
Canberra. 
Mean analysis of tissue 
(µg/mg dry wt.) 
Total Total 
nitrogen phosphorus 
Uninfected apicas 13.5 (± 1. O) 3.60 (±0.12) 
Mycorrhizas 21.0 (±o. s) 5.13 (±o .23) 
Significance .01 .OS 
TABLE IV-4. A comparison of the total nitrogen and phosphorus 
levels in mycorrhizas and naked uninfected root 
tips. 
The figures in brackets are the standard errors of 
the means. 
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ground level and any shoots which re-emerged were cut off. 
All plants in this experiment were grown outside in a shade-
house and inspected regularly for the presence or absence of 
mycorrhizas. In the case of the plant-plant inoculation, care 
was taken to observe only roots adjacent to the young seedling. 
When all plants from this treatment appeared to have formed 
mycorrhizas, the root systems were dissected to trace mycorrhizas 
back to the test plant. 
(ii) Results 
Results are summarized in Figure IV-3. 
A comparison of the two kinds of inoculation at nutrient 
level '3', revealed that a very much more rapid initiation of 
mycorrhizas took place where previously formed mycorrhizas were 
available to act as inoculum. 'Natural' inoculation, presumably 
by spores, had not produced a recognisable mycorrhiza by the time 
the plant-to-plant system had developed mycorrhizas on all plants. 
A comparison of the effect of three different nutrient levels 
on the time of appearance of the first mycorrhizas,shows that 
higher nutrient levels retarded mycorrhiza initiation slightly 
when compared to the 'O' treatment. 
5. 
a) 
ROOT PATTERN IN A MIXED EUCALYPT FOREST 
Method 
Short lengths (10-30cm) of small exploratory roots, ranging 
from 2 to 6mm diameter, were dug up with a mattock from the 
organic topsoil layers (approx. 20cm depth). These were washed, 
FIGURE IV-3. A comparison of the time taken for initial 
mycorrhizas to form in seedlings of 
Eucalyptus delegatensis. 
Key to figures on the graph lines: 
0 - no nutrients applied to plants 
1 - one nutrient unit applied to plants 
3 - Three nutrient units applied to plants 
3'- Three nutrient units applied to plants 
which were grown initially in contact 
with mycorrhizal plants of the same 
species. 
A nutrient unit is equal to 20 mg of NH4NP 3 
and 10 mg of KH2Po4 per plant per week. 
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cut up, extracted in ethanol and identified by chromatography 
as described in Chapter III. 
Two sites were sampled. A preliminary trial was carried 
out in the!• delegatensis - !• dalrympleana forest previously 
sampled for mycorrhizas (section 2 of this chapter). Two large 
trees, 12m apart, were selected to represent the two species. 
They stood close to a road and at some distance from other trees 
so that the majority of roots in the region could be presumed to 
relate to them. A line of sampling points was marked out between 
them at two metre intervals and ten root samples dug up as closely 
as possible to each point. Following this a flat site was selected 
lower down the same gully (1250m altitude), in which a single tree 
of E. fastigata (Monocalyptus) was surrounded by several trees of 
!• dalrympleana (Symphyomyrtus), Surrounding the!• fastigata, 
and in the direction of the nearest (and largest)!• dalrympleana 
trunks, 168 square metres was marked out in a two metre grid. 
Four roots were sampled from each of the grid squares as far apart 
from each other as possible (to avoid digging up several samples 
of the same root), A portion of this si~ was also sampled 
according to a one metre square grid. 
b) Results 
Table IV-5 sets out the results of the samples taken between 
E. delegatensis and!· dalrympleana. More E. delegatensis roots 
were recovered than those of E. dalrympleana. The roots of the 
two species appeared to be well mixed halfway between the trees, 
but each type became relatively more frequent as the parent tree 
was approached. 
Distance from Number of roots 
trunk of: assignable to: 
E. E. E. E. 
-
delagatansis dalrympleana delegatensis dalrympleana 
1 11 10 -
3 9 7 3 
5 7 7 3 
7 5 5 5 
9 3 5 5 
11 1 3 7 
TABLE IV-5. Changes in the proportion of roots of two different 
species of Eucalyptus found at varying positions 
between two mature trees. 
Figure IV-4 shows the relative frequency of different species 
of roots sampled on the two metre square grid at the!• fastigata 
- !• dalrympleana site. Again the two species of roots appear to 
be well mixed;with a tendency for each type of become more prominent 
near their related trunks. 
Figure IV-5 is a fine-scale map of the central region of the 
above site. 
is apparent. 
The same intermingling of roots from the two species 
The work reported in this section forms part of a paper, 
"Tree root pattern in a mixed eucalypt forest" accepted for pub-
lication during 1972 (Chilvers, 1972). 
6. 
a) 
DISCUSSION OF MYCORRHIZAL AND ROOT DISTRIBUTION 
The role of external nutrient supply in the distribution of 
eucalypt mycorrhizas . 
The main pot experiments described in section 4a of this 
chapter showed that, in their relationship to external nutrient 
levels, eucalypts behave the same way as other ectotrophic mycorr-
hizas; for example those of Pinus as reported in the classic studies 
of Hatch (1936, 1937) and Bj~rkman (1937, 1940, 1942). Addition of 
low levels of nitrogen and phosphorus enhanced mycorrhizal formation, 
but higher levels of these nutrients suppressed mycorrhizal formation. 
Well nourished plants formed no mycorrhizas at all. 
Soil nutrient levels probably play a significant role in the 
distribution of mycorrhizas between different soils. For instance, 
the low recovery of mycorrhizas from a fertile krasnozem soil, com-
FIGURE IV-4. A map of the fine-scale distribution of 
different species of Eucalyptus root 
within a mixed forest. 
Black circles - trunks of_!. fastigata; 
drawn to scale. 
Open circles - trunks of!• dalrympleana; 
drawn to scale. 
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FIGURE IV-5. A map of the fine-scale distribution of 
different species of Eucalyptus root within 
a mixed forest. (More detailed map of 
central portion of area shown in Figure IV-4.) 
Black circle - trunk of!· fastigata; 
drawn to scale. 
Open circles - trunks of!· dalrympleana; 
drawn to scale. 
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pared with the numbers of mycorrhizas in a shallow, acid mountain 
soil, could be explained in these terms. In addition, the more 
general relationship between the abundance of eucalypt mycorrhizas 
and the presence of accumulations of organic material at the soil 
surface is also partly explicable in terms of mineral nutrients. 
Accumulations of organic matter are characteristically low in 
available nitrogen and phosphorus, because of the competitive 
demands of decay organisms (Russell, 1950). 
In the experiment;a comparison of the percentage of mycorr-
hizal apices with the total number of fine root tips suggests that 
the abundance of root tips available for infection could have some 
effect on the development of mycorrhizas; a point which has been 
made previously by Robertson (1954). 
b) Fine-scale pattern of mycorrhiza distribution and its 
relationship to the infection process . 
(i) The pattern 
A comparison of mycorrhizal counts made by the decantation-
sieving method of Marks, Ditchburne and Foster (section 2, this 
chapter) with the fine-scale mapping technique (section 3, this 
chapter) indicates that they differ in effectiveness by a factor 
of approximately 100. The decantation-sieving technique is clearly 
an extremely effective method for extracting mycorrhizas from the 
soil. By contrast, the mapping technique is superficial. 
However, the broad findings merd.'t ce-onsii'ciaratiob. For instance, 
there seems no reason to doubt that mycorrhizas are distributed in 
the soil as a complex mosaic of different sized 'colonies'. It is 
believed that these mycorrhizal 'colonies' approximate to real 
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colonies of fungus, in which a proportion of the fungal tissue 
is involved in mycorrhiza formation and the remainder is dis-
tributed through the surrounding soil in the form of hyphae or 
rhizomorphs. In special cases (e.g. mycorrhizal types 2 and 6) 
this was clearly apparent, and interconnections between mycorr-
hizal mantles and rhizomorphs were traceable over limited distances. 
(ii) Different modes of infection in mycorrhizas 
Tbe pot · inocu!atibn experiment described in section 4b showed 
how mycorrhizas are initiated very much more rapidly in seedlings 
grown in contact with pre-existing mycorrhizas, than in isolated 
seedlings left to develop mycorrhizas 'naturally'. This has 
previously been demonstrated by Robertson (1954). He performed 
a series of careful experiments which showed that airborne spores 
were the paramount factor in 'natural' inoculation of pot grown 
seedlings. The failure to obtain differences between soil-
inoculated and uninocul&ted pots in the nutrient experiment re-
ported in section 4a is consistent with this interpretation. 
In the case of the plant-to-plant transmission it seems 
certain that some form of hyphal growth was involved. Robertson 
(1954) appeared to believe that hyphal growth along the roots, 
particularly ip the form of a continuous hartig net, was the major 
method of hyphal spread within Pinus mycorrhizas. Garrett (1970) 
refers to this evidence of Robertson and suggests that " •.. the 
ectotrophic infection-habit is not imposed upon ectotrophic mycorr-
hizal fungi, as it seems to be on ectotrophic pathogens, by the 
occurrence of a strong provoked resistance to infection". This is 
an interesting thought,proferred by a person who has a notable 
record for anticipating new developments in soil mycology. However, 
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it invites th~ comment that Puccinia graminis and other highly 
specialised pathogens on compatible hosts, do not provoke a 
strong resistance to infection either; although the same fungi 
on incompatible hosts do appear to be strongly repulsed. The 
situation in mycorrhizas will only be judged with any certainty 
when more information is available about the behaviour of in-
compatible or 'inappropriate' combinations of host and fungus 
(see chapter V section 6b). This proposition of Garrett's should 
also be set against his views on rhizomorphs which he regards as 
having " ••• evolved in response to the need for an inoculum-potential 
adequate to overcome host resistance to infection by the roots of 
woody perennials, and particularly those of the larger arborescent 
species". Robertson (1954) himself acknowledges that rhizomorphs 
are present in some Pinus mycorrhizas (Knollenmykorrhiza). In 
Eucalyptus, hyphal extension through the cortex has never been seen 
in long roots, but rhizomorphs of varying degrees of complexity are 
normally found in connection with mycorrhizal clusters. Therefore, 
on two counts, eucalypt mycorrhizas represent a departure from the 
situation upon which Garrett bases his first proposition. Since 
his propositions cannot both apply to eucalypt mycorrhizas, there 
is a need to make a choice between them. His arguments on rhizo-
morphs,backed by many observations, are clearly the more compelling 
in these circumstances, and the present author believes that rhizo-
morphs of mycorrhizas, like the rhizomorphs associated with root 
parasites, are specialised organs of transmission and infection. 
It must be admitted that the evidence for this hypothesis 
is tenuous, but rhizomorphs of mycorrhizal fungi show several 
points of comparison with rhizomorphs of plant parasites. They 
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are often organised into a central core of large diameter 
(conducting?) hyphae, surrounded by narrow thick-walled hyphae 
which give the impression of a protective layer insulating the 
rhizomorph from the soil environment. They develop some con-
siderable time after mycorrhizas are first initiated. If their 
function was primarily nutritive,collecting ions from the surround-
ing soil (Hatch, 1937; Stone, 1950), they would be expected to be 
more prominent on the most active parts of mycorrhizal apices 
instead of on the more mature regions. Rhizomorphs also appear 
to be of low effectiveness when detached from their mycorrhizal 
food base (see chapter V section 3a). 
The manner in which the high inoculum potential inherent in 
such rhizomorphs is applied to mycorrhiza formation can only be 
speculated upon at this stage. But if the successful formation of 
a mycorrhiza between compatible host and fungus should be determined 
by a race between the rate of extension of the root tip and the rate 
at which fungus tissue develops to ensheath it, the high inoculum 
potential of a rhizomorph would find expression in terms of rapid-
ity of establishment. There is some evidence for such a view. 
For instance, roots of large diameter, which grow faster and for 
a longer period, are less frequently converted to mycorrhizas than 
roots of small diameter, which normally slow down and soon cease 
growth (Warren Wilson, 1951; Wilcox, 1967), 
In sununary: two distinct modes of infection are recognised 
for eucalypt mycorrhizas. The first mycorrhiza in a pot grown 
seedling or other isolated plant is most likely to derive from 
infection by the germ tube of an air dispersed spore. Once a 
mycorrhizal apex has been formed by capture of a suitable root 
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apex, further mycorrhizal apices are generated when lateral 
branches emerge within the pre-existing mantle. Later, hyphae 
or rhizomorphs extend through the soil or along the roots and 
initiate other mycorrhizal clusters to form a 'colony'. This 
sequence of events is summarised in F.i.gure IV-6. The two types 
of infection have the character of primary and secondary infections 
as recognised in plant pathology (Butler and Jones, 1949) and are 
named accordingly. 
The mosaic pattern of mycorrhizas within natural forest arises 
as a result of the difference in frequency between the two infection 
events. Primary infections would seem to occur relatively in-
frequently. Secondary infections are obviously much more important. 
Plates IV-1 and IV-2 show the surface of soil cores from pots in 
which mycorrhizal 'colony' formation is readily seen on a small scale. 
( iii) Consequences for field studies 
In field studies the non-random placement of mycorrhizas 
raises obvious problems and puts a high premium on well dispersed 
samples. This is particularly pertinent when the qualitative and 
quantitative compositions of the mycorrhizal population are be i ng 
studied (e.g. Mejstrik and Dominik, 1969). 
c) The pattern of eucalypt roots in a mixed forest 
Roots of eucalypt species in a mixed forest are closely 
intermixed at the finest level investigated. This means that 
mycorrhizas found near any particular tree cannot be definitely 
assigned to that tree on the grounds of proximity alone. It 
would be very relevant to this study to know if any relationship 
FIGURE IV-6. A diagrammatic interpretation of the sequence 
of events leading up to the formation of a 
mycorrhizal 'colony'. 
PRIMARY 
INFECTION 
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exists between this fine-scale root pattern and the mycorrhizal 
mosaic. Unfortunately, the need for large roots for identi~ 
fication purposes makes it seem unlikely that a fully integrated 
map of roots and mycorrhizas could ever be prepared. An addition-
al difficulty is the ease with which mycorrhizas become detached 
from roots. The problem of mycorrhiza~ ·root relationships in 
natural forests is therefore approached in the next chapter with-
out reference to map location . 
PLATE IV-1. Mycorrhizal 'colony' formation at the surface of 
the soil core removed from a pot of Eucalyptus 
st-johnii. (Magnification l.Sx) 
A large cluster at the centre of the photograph 
appears to have given rise to two satellite clusters 
further along the same long root. Outgrowing hyphae 
and rhizomorphs were present, but too small to 
reproduce at this scale. 
PLATE IV-2. Mycorrhizal 'colony' formation at the surface of 
the soil core removed from a pot of Eucalyptus 
st-johnii. (Magnification l.Sx) 
A large 'colony' formed of many overlapping clusters, 
advancing along a front. Active mycorrhizas appear 
white on the photograph; previous seasons mycorrhizas 
are yellow and older mycorrhizas are tan coloured. 
Outgrowing hyphae and rhizomorphs were present, but 
too small to appear at this scale. 
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V. INVESTIGATION OF MYCORRHIZAL SPECIFICITY 
1. INTRODUCTION 
This chapter describes the various approaches used to 
collect data on the host-range of mycorrhizal fungi within 
8 1 
the genus Eucalyptus. Considerable time was spent in attempts 
to obtain this information through experimental synthesis of 
mycorrhizas, with limited but useful results. The problem was 
also approached by tracing relationships within the soil itself, 
using techniques for identifying roots and mycorrhizal fungi 
described in chapter III. 
Where possible, comparative information was also obtained 
on pine mycorrhizas, and cross-inoculations between pine and 
eucalypt systems were carried out. 
2. OBSERVATIONS ON POT-GROWN SEEDLINGS AND YOUNG TREES 
a) Mycorrhiza type 3 
A wide range of Eucalyptus species were raised under 
identical conditions in clay pots filled with a rather silty 
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potting mix. Initially grown in a glasshouse, they were later 
transferred to the shade of a plantation of E. st-johnii where 
they received no addition of nutrients. By the age of 2 years, 
most of the seedlings had developed considerable numbers of 
mycorrhizas on the outside of the soil. These plants were 
examined for the presence of distinctive mycorrhizas, and 
mycorrhiza type 3 (Chilvers 1968a) was found to be very common. 
Out of a total of 225 plants, 94 were found to possess 
type 3 mycorrhizas. These included 64 different speci es 
representing a wide range of taxonomic groups within the genus 
(Table V-1). No relationship was found between the taxonomic 
affinity of the eucalypt and the presence or absence of this 
type of mycorrhiza. 
A number of other mycorrhizal tree species which had 
been grown under the same conditions were also examined. 
Thirty young conifers, representing 10 species of pine and fir, 
and 18 black poplars, were found to possess mycorrhizas but a 
careful examinat ion failed to reveal any which had the charac-
teristic fungal attributes of eucalypt mycorrhizal type 3. 
A further 60 young trees of Eucalyptus grown under the 
same general cond i tions, but planted in pure imported peat 
moss instead of the soil potting mix, were also found to 
develop mycorrhizas. However, type 3 was not found on any of 
these. 
b) Mycorrhiza type 6 
M.ycorrhiza type 6 (Chilvers 1968a) has been recogpised 
on relatively few occasions, but in one instance was found to 
EUCALYPT 
SERIES 
Clavigerae 
Setosae 
Ptychocarpae 
Gummiferae 
Jacobsianae 
Eximiae 
Torellianae 
Maculatae 
Tetragonae 
Tetradontiae 
Baileyanae 
Miniatae 
Tenuipedes 
Cloezianae 
Preissianae 
Diversifoliae 
Marginatae 
Jacksonianae 
Acmenioideae 
Capitellatae 
Pilulares 
Obliquae 
Piperitae 
Degluptae 
Guilfoyleanae 
Diversicolores 
Salignae 
Cornutae 
Occidentales 
Erythronemae 
Reduncae 
Accedentes 
Grossae 
Salubres 
TABLE V-I 
No. of No. of 
species species 
EUCALYPT 
with with SERIES with 
I 3 I 
-out I 3 I 
I 3 I 
-
- - Kruseanae -
- - Loxophlebae 1 
- - eneorifoliae 1 
- 1 Squamosae -
- - Bakeranae -
- 1 Cladocalyces -
- - Oleosae 2 
1 - Salmonophloiae -
- -
Macrocarpae 1 
- - Calycogonae -
- 1 F.oecundae -
- -
Dumosae -
- - Torquatae 1 
1 - Incrassatae -
1 - Dundasianae 1 
- 2 Albae -
1 - Tereticornes 2 
1 - Michaelianae -
1 - Ovatae 2 
4 :l. 
-
Viminales 10 
3: 1 Umbrawarrenses -
7 2 Howittianae -
4 - Oliganthae -
- -
Largiflorentes 2 
- 1 Cambageanae -
- -
Intertextae 1 
6 1 Ochrophloiae -
2 - Mollucanae 1 
4 2 Odoratae 1 
- -
Pruinosae -
1 - Polyanthemae -
- -
Paniculatae 1 
- -
Melliodorae 2 
1 - Microcorythes -
Taxonomic affinities of 96 different seedling 
Eucalyptus species examined for the presence 
of mycorrhiza type 3. Eucalypt series according 
to Pryor and Johnson (1971). 
with 
-out 
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-
-
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-
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occur as a very large 'colony' in which the one fungus controlled 
the root systems of eleven young trees up to three metres tall. 
The site was on heavy soil that had been disturbed during road-
building operations a few years before. Seven seedlings of 
E. dives (Monocalyptus) and four seedlings of!• dalrymp l eana 
(Symphyomyrtus) had evidently become estab lished there soon 
afterwards. All these plants had root systems invested in 
this f ungus and the rhizomorphs ranged widely through the soil. 
There was no doubt that the same fungal species (Octaviana 
densa sensu Cunn.) was forming mycorrhizas with both species 
indiscriminately. 
c) Mycorrhiza type 4 
Mycorrhiza type 4 (Chilvers 1968a) i s common and has been 
found on seedlings or young isolated trees of!• mannifera and 
E. dalrympleana of the subgenus Symphyomyrtus, as well as 
E. macrorhyncha, !• delegatensis and E. paucif l ora of the 
subgenus Monocalyptus. 
d) Mycorrhiza type 2 
Mycorrhiza type 2 (Chilvers 1968a) is quite common in 
eucalypt forests, but so far it has been posit ively re lated 
only to species of Monocalyptus, being f ound on young, i sola ted 
trees of E. radia ta and E. f astigata. 
3, POT INOCULATION EXPERIMENTS WITH DISTINCTIVE MYCORRHIZAS 
a) Inoculation with detached mycorrhizas and rhizomorphs 
of type 6 
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Soil, heavily impregnated with detached mycorrhizas and 
rhizomorphs of type 6, was sampled from the extensive colony 
described in section 2b above and used to fill clay pots. These 
were planted next day with various six week old Eucalyptus 
seedlings and maintained in a glasshouse fo r several months. 
Between two and three months afterwards, many of these were 
seen to possess type 6 mycorrhizas (Table V-2). Both Mono-
calyptus and Symphyomyrtus species were affected. A f ew other, 
unclassifiable, mycorrhizas were also present at that time . The 
type 6 mycorrhizas subsequently disappeared from the pots and 
most plants eventually developed considerable numbers of non-
distinctive mycorrhizas. 
A subsequent exper i ment intended to increase the range 
of test plant~ failed to produce any type 6 mycorrhizas when 
an unavoidable delay led to th&•pots being kept a week before 
seedlings were transplanted i nto them. Evidently detached 
mycorrhizas and rhizomorphs r apidly lose their power to act as 
inoculum. 
b) Cross inoculation from living mycorrhizas of type 4 
Several seedlings of!· dalrympleana collected from 
natural forest and placed into pots together with a core of 
t heir native soil, developed good type 4 mycorrhizas on the 
Species of Eucal:Htus Number of seedlings 
inoculated with soil out of three with 
containing type 6 type 6 mycorrhizas 
mycorrhizas and rhizomorphs 
Monocalyptus E. dives 2 
-
E. fastigata 3 
-
E. pilularis 3 
-
E. rossii 2 
Symphyomyrtus E. grandis 3 
-
E. robusta 3 
-
E. rudis 1 
-
E. viminalis 2 
-
TABLE V-2. Development of type 6 mycorrhizas on various 
species of Eucalyptus, twelve weeks after 
seedlings had been planted into soil containing 
detached mycorrhizas of this type. 
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outside of the soil core next to the clay pot. Two such pl ants, 
which appeared to have no other type of mycorrhiza present, 
were used as sources of inoculum in the following manner. Each 
plant, together with its soil core, was placed into a l arger 
pot. Young seedlings of!• st-johnii and!• delegatensis were 
arranged around and in contact with the surface of the soil 
core and the pot was then carefully fil l ed with a peaty potting 
mix. Four weeks later the seedlings were carefully removed and 
transplanted into separate pots. Three out of f our!• st-johnii 
seedlings and two out of four E. delegatensis seedlings 
subsequently developed typ 3 4 mycorrhizas. Contro l seedlings 
which did not have the four-week contact with my cor rhiza l plants 
developed some mycorrhiza~ but none of this type. 
4. MYCORRHIZAL RELATIONSHIPS ON MATURE TREES IN NATURAL 
MIXED STANDS 
To compare the mycorrhizal relationships of! · delegatens i s 
(Monocalyptus) and!• dalrympleana (Symphyomyrtus ) growing 
together in a mixed stand, anatomi cal identification of the funga l 
component of the mycorrhiza (Chapter III Section 2) was combined 
with chromatographic identi f ication of the plant r oot (Chapter III 
Section 4) in the following manner. Smal l explora t ory root s 
were carefully dug out from the surface soil and i ns pected fo r 
attached mycorrh i zas. Roots without my corrhizas and detached 
mycorrhizas were rejected. Where mycorrhizas were clearly 
attached to an adequate sized piece of root, the mycorrhizas were 
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fixed by placing them in a coded tube containing alcohol and 
the associated root piece placed in a similarly coded plast i c 
bag. On return to the laboratory the mycorrhizas were classified 
where possib le , on the basis of anatomical characters. Some 
extra categories were used besides the eight formally described 
types. The root pieces relating to mycorrhizas which could 
be identified were then washed, cut up, extracted several days 
in 95% ethanol , concentrated and finally chromatographed as 
described in Chapter III. When the root had been identified by 
its chromatographic 'finger-print', the separate pieces of 
information were collated and compared i n Table V-3. 
Six di stinctive types of mycorrhi za were recognised , four 
of which had been previously described ( types 4 , 5, 7 and 8 of 
Chilvers 1968a ) . The other two have been given the interim 
designations i x and x. Type ix is characterized by distinctive 
peg-like hyphal outgrowths (Figure III-2a) and type x has 
bright yellow pigmentation which can be leached out with 
ethanol. Although more mycorrhizas were recovered from 
~. delegatensis than those from~. dalrympleana, there were 
sufficient of the latter to enable a comparison to be made . 
All six of the mycorrhizal types were found to occur on both 
eucalypt species. 
5 . 
a) 
(i) 
PURE CULTURE SYNTHESIS 
Isolation of fungi into pure culture 
Attempts to isolate directly from mycorrhiza 
In the early stages of this projec t, three separate 
Distinctive Number of mycorrhizas of each type 
mycorrhizal attached to chromatograph~cally 
type, identified identified roots of: 
anatomically E. delegatensis E. dalr:;tm12leana 
- -
14 I 31 7 
'SI 9 2 
I 7 I 10 4 
'8 I 7 4 
'ix' 6 1 
'x' 6 3 
TABLE V-3, Comparison of the relative numbers of distinctive 
mycorrhizal types associated with two different 
species of Eucalyptus forming a mixed forest. 
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attempts were made to isolate fungi in pure culture di r ec t l y 
from the mycorrhizal sheath by the technique of Za c and Br yan 
(1963), Several media were tried and variat i ons made i n the 
sterilizing procedure on each occasion. No convincing i s olates 
were obtained from these ef f orts, so t his approach was 
abandoned in favour of i so l at i ons from l arger fungal fru i t 
bodies. 
( ii) I solati ons f r om f ungal f rui t bod i es 
On several occas i ons , us ua lly in t he ear l y au t umn when 
the l a r ger f unga l fr uit bodies are mos t common in the 
Austra l ian Capital Territory, collections were made of f rui t 
bod i es wh ich showed constant association with eucal ypts : 
especia lly fr om the genera Amanita, Boletus, Cortinar ius, 
Rozites, Russu l a, Scleroderma and Pisoli thus. These l arge 
basid i ocarps were c l eaned, and a part of the surface was 
steri l ized by rubbing with e t hano l and fl aming. Portions of 
tissue were th en cut ou t and pl a ced on Moser's 'Vb' medi um 
(Moser 1958) in petri dis hes. Any which s howed s i gns of hypha l 
growth were l ater t rans f erred to a range of med i a to maximise 
the chan ces of successful es t ab lishment. Moser's medi um was 
f ound most suitable for approximate l y ha l f the success f u l 
i s ola tes, Potato dex t rose agar was use f ul for some , notably 
Pisolithus, a nd ' Difeo' Bean Agar with varying admixtures of 
gl ucose was f ound to gi ve good resul ts with several species. 
The overall r e covery of isolates was nevertheless di sappointing. 
No species of Russu l a were i s ola t ed, and weak outgrowths were 
ob tain d fr om onl y two of s evera l Cortinarius species. 
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Two species of Amanita and also Scleroderma flavidum Ellis & 
Everhart and Rozites australiensis Cleland & Cheel gave moderate 
growth; while several species of B6letus and Pisolithus 
tinctorius (Pers.) Coker & Couch grew well. The most satisfactory 
isolates were derived from basidiocarps growing in dry sclerophy l l 
forest close to Canberra. Most difficulty was experienced 
with basidiocarps from the wet sclerophyll forests in the higher 
altitudes. There is no explanation for this but it is interesting 
that Moser (1958) experienced simi l ar difficulties in Scandanavi a 
during isolation of mycorrhizal fungi of conifers. 
Two fungi associated with Pinus radiata, namely Suillus 
granu l a tus (L, ex Fr.) 0. Kuntze and Rh izopogon l uteolus Fr. & 
Nordh., were also isolated together wi th Paxillus involutus 
(Batsch ex Fr.) Fr . which was found in abundance under a 
plantation of poplars. The ease of iso l ation and the vigorous 
growth of these three exotic fungi was in marked contrast to 
the poor growth of most eucalypt fungi. 
b) 
(i) 
Pure culture synthesis 
Method 
Syntheses were carried out within a wholly enclosed 
system. The No. 36 'Fowler' preserving jar capped with a 
100mm petri dish lid proved an ideal container. Several 
different arrangements and types of growth media were tested 
within these vessels to establish the most suitable system 
for comparative experiments. The following technique was 
selected. A lOcmm wide strip of st iff absorbent paper was 
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arranged around the periphery of each Fowler jar and approximate ly 
500ml of perlite poured into the centre of the jar to hold this 
paper against the inside of the glass. A short section of the 
top edge of the paper was bent inwards towards the centre of the 
bottle to form a shelf and thus provide a lodgement for a seed 
and inoculum. The:·perlite was moistened with 300ml of 
Shemakhanova's solution (Shemakhanova 1960) , which was suffici ent 
to bring all the perlite to field capaci ty, in add ition to l eaving 
2cm depth of free solution in the bottom of the j ar after 
sterilization. The jars were covered with aluminium f oi l or 
brown paper before autoclaving at 121° C f or 25 minutes. This 
kept the tops sterile until the jars were seeded and inoculated. 
Fungal inoculum was grown up in pl ate culture for two or 
three weeks before inoculation. Eucalyptus seeds, which had 
been freed of chaff and selected for large size, were sterilized 
and plated out as follows. The seeds were placed in a fine 
wire mesh strainer and rinsed with 50% ethanol before being 
transferred to saturated chlorine solution (made by shaking an 
excess of bleaching powder in sterile water and filtering) in 
a stoppered bottle. The bottle was shaken for 30 minutes on 
a flask shaker. The chlorine solution was then poured off and 
the seed rinsed in several changes of sterile water before 
being planted aseptically into water agar plates, (A few were 
plated on nutrient medium to test for sterility), The agar 
plates were then incubated upside down at 25°C f or five t o ten 
days (depending on the Eucalyptus species) unti l short radicles 
appeared. At th i s stage, healthy germinated seeds were 
picked out with long sterile forceps and planted one into each 
bottle within the clean environment of an inoculating room. 
The germinated seed was lodged, radicle downwards, on the small 
shelf of paper bent out to receive it. At the same time a 
1.5cm square block of agar containing mycelium was cut fr om 
the margin of plate cultures and placed on the same shelf close 
to the seed ling. After rec losing the petri dish lid to the 
bottle, the top was covered with a layer of thin plastic 
'Gladwrap' (Union Carbide Aust. Ltd.) to reduce the risk of 
s ubsequent contamination. A cylinder of stiff black plastic 
sheet was placed around the bott om of the j ar to shade the 
developing root system, and the jar placed in a phytotron 
cabinet at 23°C under a s ixteen hour regime of light at an 
intensi ty of 1500 foot-candles. 
Roots of the seedl ings grew down between the paper and 
the glass; they could there fore be examined at any time by 
sliding down the bla ck plastic shade, Mycorrhizas usually 
appeared about six weeks after the jar was set up. Pla tesV-1 
and V-2 illustrate a successful synthes i s using th is sys tem. 
At the conclusion of the experiment, a proportion of the 
mycorrhizas and other root tips wer e examined anatomical ly. 
(ii) Results 
In the f i rst systemat i c experimental inoculations, seven 
of t he f astest · growing fungal isolates were inoculated on to 
Eucalyptus st-johnii (subgenus Symphyomyrtus) and! · sieberi 
(subgenus Monocalyptus). Each combinat i on was replicated six 
times. Four of the seven fungi failed to produce any mycorrhizas. 
Thr ee fungi, Pisolithus tinctorius and two species of Boletus , 
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produced mycorrhizas with a few host pl ants (Table V-4), One 
Boletus (sp . B)* fo rmed mycorrhizas with bo t h!· st-johnii and 
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!• sieberi, and the other Boletus (sp, A) * formed mycorrhizas only 
with!· st-johnii, A rather high percentage of the jars became 
contaminated with other fungi and this played a significant 
part in the low success rate, but the growth of four of the 
funga l cultures was so s low that they had no real opportunity 
to form mycorrhizas. 
In a second exper iment , K_ . tinctorius, wh i ch gave 
evidence of being the most vigorous iso l ate, was i noculated 
on to nine differen t species of Eucalyptus representing three 
of the subgener ic groups. Boletus s~ 'A' was als o inoculated 
on to one species from ea ch of these same subgenera, The 
contami nation rate in this experiment was very low and 
P . tinctorius was found to f orm varying quantities of mycorrhizas 
with most plants from all species (Tab le V-5) , Bo l etus sp. 'A' 
grew l es s well than in the previous experiment and f ai led to 
form mycorrhizas with any of the three species on which it had 
been inoculated . 
In a third experiment , f our strongly growing mycorrhizal 
f unga l isolates were tested against Eucalyptus st-johnii and 
Pinus r adiata. The fungi were Pisolithus tinctorius, Suillus 
granulatus, Rhizopogon lu t eol us and Paxillus involutus. Six 
repl ica tes of each combination of f ungus and plant were set up. 
The results are s hown in Table V-6 , All fungi established 
* The two species of Boletus have not yet been identified 
and first indications are that t hey are new species . 
Number of jars out of 
Fungal six in which mycorrhizas 
isolate were formed on: 
E. st-johnii E. sieberi 
- -
Amanita sp. 0 (4) 0 (2) 
Rozites australis 0 (2) 0 (1) 
Boletus sp. A 2 (2) 0 (5) 
Boletus sp. B 1 (3) 2 (3) 
Bol.etus scarlatinus 0 (O) 0 (2) 
Pisolithus tinctorius 3 (1) 0 (3) 
Scleroderma flavidum f) (4) 0 (3) 
TABLE V-4. Pure culture synthesis experiment in which seven 
fungal isolates were inoculated on to two 
different Eucalyptus species. 
The figure in brackets gives the number of jars 
which became too seriously contaminated to assess. 
Number of jar s out of 
eight in which mycorrhizas 
were formed by: 
Species of Pisolithus Boletus 
Eucalyptus tinctorius .ap. A 
Subgenus Corymbia 
E. mc;1culata 7 (0) 0 (0) 
"'Il 1 l'"J Subgenus Monocalyptus 
E. 
E. 
-
E. 
-
Subgenus 
E. 
-
E. 
-
. E. 
-
E. 
-
E. 
-
TABLE V-5. 
fastigata 12* (O) 
sieberi 7 (1) 0 (2) 
radiata 9 (O) 
Symphyomyrtus 
bridgesiana 6 (1) 
st-johnii 11* (1) ' 0 (1) 
dalrympleana 8 (0) 
polyanthemGs 7 (1) 
leucoxylon 8 (O) 
Pure culture synthesis experiment in which 
two fungal cultures were inoculated on to 
nine species of Eucalyptus. 
The figure in brackets, gives the number of 
jars which became too seriously contaminated 
to assess. 
(* Twelve jars inoculated for this species.) 
Number of jars out of 
Fungal six in which mycorrhizas 
isolate were formed with: 
Eucal;YJ;~tus Pinus 
st-johnii radiata 
Pisolithus tinctorius 3 (2) 0 (1) 
Suillus granulatus 0 (1) 3 (0) 
Rhizopogon luteolus 0 (O) 6 (0) 
Paxillus involutus 0 (2) 0 (O) 
TABLE V-6. Pure culture synthesis experiment in which 
four fungal isolates were inoculated on to 
Eucalyptus st-johnii and Pinus radiata. 
The figure in brackets gives the number of 
jars which became too seriously contaminated 
to assess. 
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themselves well in the jars and invaded the root surface of 
both species of plant to varying degrees. Contamination rates 
were low. However, mycorrhizas were formed only between three 
combinations of plant and fungus: P. tinctorius with!• st-johnii, 
.§., granulatus with!'._. radiata and R. luteolus with P. radiata. 
This accords with the der i vation of these three fungi. I n the 
combination between!'._. t i nctorius and!'._. radiata most fungal 
growth took the form of rhizomorphs radiating from the inoculum, 
and these tended to be deflected and grow along any root with 
which they came into contact without altering their f orm or 
increasing in intensi t y. S . granulatus and!• l ut eolus grown 
with!• st-johnii developed as a mixture of individual hyphae 
and rhizomorphs on the paper support, and formed more concentrated 
wefts of hyphae around the younger roots with which they came 
into contact. In very few cases, there was a suggestion of a 
more compact fungal tissue starting to develop against the 
root surface. Paxillus involutus also showed enhanced growth 
on some younger roots of both!• st-johnii and!'._. radiata. 
The weft of hyphae was often quite dense and the tendency to 
synenchyma development on P . radiata was quite pronounced, 
but the distribution along the roots was patchy. In the 
various combinations which failed to form mycorrhizas, denser 
areas of investing hyphae were always some distance back from 
the actual root tip. 
Cross inoculation of Pisolithus tinctorius on to Pinus 
radiata was repeated in another experiment (twelve bottles) 
and again no mycorrhizas were formed , although the potency of 
the culture remained undiminished in simultaneous i noculations 
on to Eucalyptus st-johnii, E. radiata and E. maculata. 
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6. DISCUSSION OF SPECIFICITY 
a) The Pattern of Specificity 
The several different approaches to the study of specificity 
reported above, all point to the conclusion that there is 
little specif icity of mycorrhizal formation within the genus 
Euca lyptus. The few cases in which a particular fungus has 
only been found to form mycorrhizas with a single Eucalyptus 
species or subgenus, are based on very few observations. In 
the early stages of this study, several mycorrhizal types were 
initially recorded from only one group, but additional data 
showed that they were not specific. 
By contrast with the situation within Eucalyptus, the 
results of cross- inoculation experiments with mycorrhizal fungi 
of Eucalyptus and Pinus, and observations on different mycorrhizal 
types in pot grown seedlings of the two genera, i ndicate a 
high degree of specificity of fungus for tree genus . In 
addit ion to this, mycorrhizas have been collected from pine 
plantations and a pine arboretum abutt ing natura l eucalypt 
forests, then cleared in lactophenol and screened for fungal 
characteristics which match those of t he distinctive mycorrhizal 
types on eucalypts. Only mycorrhizal type 1 , involving 
Cenococcum graniforme , (Chilvers 1968a) has been recognized on 
both genera. The extreme l y wide host range of.£· graniforme 
is well known (Trappe 1964), and the restricted development of 
mycorrhizas formed by it (infected branches do not proliferate 
like most other mycorrhi zas), together with its f air ly strong 
saprophytic propensities (Ferdinansen & Winge, 1925; Mikola , 1948) , 
suggest that this fungus is a special case. The more limited 
observations on poplars have also failed to detect any fungi 
previously recogpised on eucalypts. 
The broad pattern of mycorrhizal s pecificity is only 
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slowly emerg ing from the many studies carried out on mycorrhizas. 
Trappe's (1962) catalogue of mycorrhizal associat ions shows 
that many species of proven mycorrhizal fungi (e.g. Amanita 
muscar ia, !::._. phalliodes, Boletus edulis, ~. erythropus, 
Leccinum aurantia cum, Hebeloma crustuliniforme, Russula emetica, 
Laccar i a l accata, Cantharellus cibarius, Pisolithus tinctorius 
and Scleroderma aurantium) have been recorded in association with 
many differen t tree species, both gymnosperms and angiosperms. 
Other mycorrhizal fungal species for wh ich there are a cons iderable 
number of records (e.g. Sui llus granulatus, .§_. luteus, Lactarius 
deli ciosa, Rhizopogon luteolus and!• roseolus) appear to be 
limited to gymnosperms. More specific relationships have been 
repor ted , which re l a te certain fungal species or varieties to 
a s ingle host genus (e.g. Suillus grevi llei with Larix and 
different var ieties of Russula xerampelina with Quercus, Popul us, 
Betula, Fagus and Ulmus). However, Trappe stresses the need for 
caut ion in regard to some of the alleged ly more specific 
relationshi ps, since except i ons are sometimes found. It i s 
inevitab le that incomplete records of associations will make 
it appear that many fungal species have a narrower host range 
than they rea lly possess. 
The specific mycorrhiza l responses of Suillus granulatus 
and Rhizopogon luteolus to Pinus radiata in the present study 
are consistent therefore with their behaviour elsewhere, The 
specificity of Pisolithus tinctorius is more interesting. 
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P. tinctorius has previously been reported in association with 
Eucalyptus (Smith & Pope, 1934), Quercus (Klyushnik, 1952) and 
Pseudotsuga (Trappe 1963) and has been used by Bryan and Zac 
(1961) to synthesisemycorrhizas with Pinus enchinata. The 
failure of the present isolate to form any mycorrhizas with 
P. radiata sets it apart from the isolate of Bryan and Zac. 
Pisolithus fruit bodies show considerab l e variation and the 
genus was originally divided into eight species, These 
original species have all been merged into.!'._. tinctorius. 
A later species,.!'._. microcarpus, was erected to describe certain 
more extreme types found in Australia and was retained by 
Cunningham (1944) in his monograph on Gasteromycetes, The 
possibility that the present culture derived from P. microcarpus 
was considered, and rejected on the grounds that the young 
specimen used had spores which compared closely with those of 
mature fruit bodies collected nearby. The mature fruit bodies 
showed variation in size but fitted the description of 
.!'._. tinctorius, (fruit bodies up to 7cm . wide with pale peridium, 
large glebal cavities and spores averaging a little over 7µ ·, with 
prominent, if rather short, spines. Fruit bodies with the same 
general properties have been found elsewhere in the A.C.T. with 
diameters up to 19cm)). P. tinctorius therefore appears to be 
an example of a mycorrhizal fungal species containing host-
specific varieties. 
Although host-specific strains are known to occur within 
species of the symbiotic bacterial genus Rhizobium (Vincent, 
96 
1967) and are common among plant parasitic fungi (Stakman & 
Ha~rar, 1957), there appears to be no previous report of 
experimental results that suggest the existence of the phenomenon 
among mycorrhizal fungi. There is some circumstantial evidence 
on this question. In a number of mycorrhi zal species, structural 
variants have been recognised which appear to be associated 
with different tree genera (Melzer & Zvara, 1927; Kavina, 1947; 
Schieferdecker, 1955). So it is possib l e that specificity at 
the varietal leve l could be qui t e common. Most of the information 
which has been collected about mycorrhizal associat i ons has 
included no provision for detecting varietal specif icity . Most 
synthesis experiments have been directed towards obtain ing 
positive results, by inoculating tree species with cultures 
obtained from fruit bodies normally associated with that 
species. There seem to have been very f ew stud i es in which a 
given culture has been inocul ated on to tree species from 
different genera. The mycorrhizal syntheses of orkrans (1949), 
using Tricholoma saponaceum and!· flavovirens on both Pinus 
sylvestris and Betula pendula, are a no t able exception. In 
that particular instance there was no evidence of varietal 
specificity. 
The overall finding from the present study, that only 
Cenococcum graniforme has been seen to f orm mycorrhizas with 
both Eucalyptus and Pinus, imp lies a greater degree of specif icity 
of fungi for these two genera than would be expected from northern 
hemisphere comparisons between angiosperm and gymnosperm genera. 
For instance, the list of Trappe (1962) shows that more than a 
quarter of the fungal species associated with Fagus sylvat ica 
are also associated with Pinus sylvestris and vice versa. It 
is probable that a geographic factor is superimposed on the 
taxonomic fa c tor in the case of Eucalyptus and Pinus. The 
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very fact that some specificity is evident between fungus and 
plant host in northern forests, indicates that the adaptations 
which enable a fungus to form mycorrhizas with one t ree species, 
do not automatical l y fit the fungus to form mycorrhizas with 
other plant hosts. This has not preven ted a signifi cant numb er 
of f ungal spec i es from adapting to a wide taxonomic range of 
plan t s where these host species grow c l ose together in the 
same geographic region. When such tree species are transp lanted 
into the s outhern hemisphere, it is likely in the shor t t erm at 
least, t ha t few of the mycorrhizal fungi evolved there will be 
suitably adapted to form mycorrhizas with these exot ic trees. 
The most prominent sporocarps under Pinus radiata i n Aus tralia 
are clearly those of exotic fungi which have become transp l anted 
to the region wi th their plant hosts. For instance , during 
observations over several years, Suillus granulatus, Rhizopogon 
luteolus and Lactarius deliciosa have never been found outside 
pine pl antations within the Australian Capital Territory, a l though 
they appear regularly in large numbers among pines. Similarly, 
Paxillus involutus has been seen consistently associated with 
Populus and Betula, and Aman i ta phalloides has been found 
occasionally under Quercus i n Canberra. None of these fungal 
spec ies have invaded adjacent eucalypt f orests or plantings. 
By con t ras t , certain boletes and amanitas are characteristic of 
native eucalypt forests, and do no t extend into ad j acen t pi ne 
plan tations or arboreta. An interesting, perhaps signif icant, 
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corollary to the above, is the relative difficulty which the 
author has experienced in isolating useful cultures from the 
native (eucalypt) fungi compared to the relative ease with 
which the exotic fungi can be isolated. Perhaps the vigour 
of mycelial growth as seen in agar plates has its counterpart 
in the soil environment which makes for success during the 
invasion of a new environment. Data collected by Bowen (1963) 
on the presence of mycorrhizal fungi of pines in various soils, 
showed a correlation between the development of ef f icient 
'white' mycorrhizas in test plants and the proximi ty of the 
soil sample to adult pine trees. He did find some circumstantial 
evidence to suggest that fungi which formed l ess efficient 'brown' 
mycorrhizas of pine could be harboured by eucalypts. This merits 
further investigation. 
b) Prospects for future work 
Cross-inoculation experiments, of the kind reported here, 
will provide valuable information about the pattern of 
'physiological specificity' between tree and fungal species. 
This may not coincide with the pattern of 'ecological 
specificity' since so many factors operate in the soil environ-
ment to influence relationships between organisms. For this 
reason, methods for identifying naturally occurring mycorrhizas 
in the soil need to be further improved and used in parallel 
with laboratory synthesis work. 
The Eucalyptus - Pinus system used here, provides a 
convenient tool for the investigation of the basis of 
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'physiological specificity' in mycorrhizas. There was an 
indication in the foregoing experiments that Pisolithus 
tinctorius failed to establish even ,a superficial relationship 
with pine roots. and the pine fungi did not proceed much beyond 
a local increase in density adjacent to eucalypt roots. Failure 
to establish a coherent tissue on the root surface could be a 
factor leading to the specificity observed. or it may be 
merely a symptom. Since the roots of both species and their 
associated f ungi have the inherent capability to form al l the 
structures characteristic of mycorrhizas, their failure to do 
so on the 'wrong' host implies the existence of some kind of 
'recognition' or other discriminating interaction between 
appropriate plant -fungus combinations. A 'recognition' reaction 
can result from some specific promotory activity, l ike t hat 
found in poplar breeding mechanisms (Knox, Willing & Pryor, 
197 2; Knox, Willing & Ashford, 1972). where specific proteins 
from the pol l en wall must 'identify' pol l en grains to appropriate 
stigmas as a prerequisite for fertilization. By contrast, in 
plant paras i tism certain 'appropriate' host-parasite combinations 
are known to be characterised by the specific failure of an 
inhibitory mechanism (phytoalexins) which normally operates to 
prevent the set ting up of a parasitic relationship (Cruickshank, 
1963; Cruickshank. Biggs & Perrin, 1971). In a b~oad sense. 
the work of Melin (1963) on fungus growth promoters from root 
diffusates. and the studies of inhibitory polyphenol extractives 
by Hillis, Ishikura, Foster & Marks (196 8) are directed towards 
the two separate mechanisms of specificity mentioned above. 
However, these studies do not contain the essential features of 
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the studies that led to the discovery of the phytoalexin and 
poplar breeding mechanisms. Both these phenomena i nvolve an 
interaction between the organisms, that was discovered by 
appropriate experimental juxtaposing of 'right' and 'wrong' 
combinations. A simple analysis of these experiments i s given 
in Table V-7. It should be possible to determine which general 
type of mechanism operates in mycorrhizal specificity by 
similar approaches. One experimental procedure designed to 
achieve this is currently being tested (Table V-8). 
Interaction with 
stigma 'A' 
Viable pollen 'A' Self-fertilization 
Dead pollen 'A' 
-
Viable p0llen 'B' 
-
Dead 'A' + viable 'B' pollen Cross-fertilization 
Interaction with 
host tissue 'A' 
Fungus 'A' Disease 
Fungus 'B' Immune 
Fungus I J3 I then fungus 'A' Induced immunity 
TABLE V-7. A simple analysis of the experiments which 
led to the discovery of two distinct 
mechanisms of specificity. 
Above: The discovery of 'recognition pollen' 
in poplars (Knox, Willing & Pryor, 1972; 
Knox, Willing & Ashford, 1972). 
Below: The discovery of phytoalexins 
(Muller & Borger, 1940; Cruickshank, 1963). 
Anticipated response 
if fungus behind 
barrier has no effect 
on the interaction 
between root and 
fungus in contact 
Anticipated response 
if specificity is 
based on promotory 
recognition between 
appropriate partners 
Anticipated response 
if specificity is 
based on failure 
of root inhibitory 
mechanism with 
appropriate fungus 
Experimental relationship 
between roots and two 
~species of fungus 
Root 'A' Root 'A' 
Fungus 'A' Fungus 'B' 
Semipermeable Semipermeable 
membrane membrane 
Fungus 'B' 
Mycorrhizas 
formed 
Mycorrhizas 
formed 
Fungus 'A' 
Mycorrhizas 
formed 
TABLE V-8. Theoretical basis of experiments designed 
to reveal which general type of ,mecliami.$m 
determines physiological specificity in 
mycorrhiza formation. 
PLATE V-1. 
PLATE V-2. 
Pure culture synthesis of mycorrhizas between 
Eucalyptus fastigata and Pisolithus tinctorius. 
View of whole root system growing between 
absorbent paper and inside surface of bottle, 
(Approx. half natural size.) 
Pure culture synthesis of mycorrhizas between 
Eucalyptus fastigata and Pisolithus tinctorius. 
A mycorrhizal cluster shown in close up view 
through the glass. 
(Approx. 3x natural size.) 

VI. MYCORRHIZAS IN RELATION TO THE PROBLEM OF EUCALYPT 
ASSOCIATION 
101 
It was pointed out in Chapter I that, for mycorrhizas to play 
a role in the maintenance of association between Eucalyptus species, 
two conditions need to be satisfied. Firstly, mycorrhizas must 
have some general significance for the ecology of eucalypts, as 
for instance through their action as a nutrient sparing mechanism. 
Secondly, there must be a differential effect of some kind, as 
between the different subgeneric groups of Eucalyptus. 
a) The general ecological significance of eucalypt mycorrhizas 
(i) Direct evidence of ecological significance 
Direct evidence of a need for mycorrhizal infection was not 
obtained under any conditions. It is certain that eucalypts have 
no absolute requirement for mycorrhizas, since healthy young trees 
can be raised without mycorrhizas if sufficient mineral nutrients 
are available to them. Furthermore, field observations on mature 
eucalypts growing in rich agricultural soils suggest that they 
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grow well there with very few mycorrhizas. In general, studies 
on other mycorrhizas (Chapter I section 3) have assigned them a 
role in conditions of low or unbalanced nutrient supply. Most 
mature eucalypts grow in such conditions and mycorrhizas are 
commonly to abundantly present on such trees. As a result of 
this, appropriate fungal inoculum is probably available to 
eucalypts all over the continent, and this presumably frustrated 
the attempt to grow low nutrient, low mycorrhizal seedlings in 
a glasshouse by way of controls. 
This latter approach to the study of eucalypt mycorrhizas 
is one that might best be carried out overseas, although mycorr-
hizas are known from several plantings of exotic eucalypts, for 
example England, Israel, Kenya, Italy, India and The Sudan 
(Levisohn, 1958; Anderson, 1967, Bakshi, 1966; Uhlig, 1968). 
(ii) Indirect evidence of ecological significance 
When the morphology and anatomy of Eucalyptus mycorrhizas 
are compared with that of Fagus, on most counts they are found 
to be almost identical (Chapter II; Chilvers and Pryor, 1965; 
Harley, 1969). Under the electron microscope, they are also 
seen to share many features with Pinus mycorrhizas (Chapter II; 
Chilvers, 1968; Foster and Marks, 1966). 
The effect of changes in the external supply of nitrogen 
and phosphorus upon mycorrhizal development (Chapter IV) follows 
closely the pattern observed for other mycorrhizal species (Hatch, 
II 
1937; Bjorkman, 1949). An analysis of the composition of bulked 
samples of eucalypt mycorrhizas compared with uninfected roots 
showed that mycorrhizas contained significantly higher levels of 
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total nitrogen and total phosphorus than did uninfected apices. 
The intimate manner in which root and fungus combine into 
a distinctive 'dual organism' generates a large surface area of 
contact between them. At the same time, the surface area of 
contact between soil and root tissue is greatly diminished where 
mycorrhizal formation is abundant. Considered in conjunction 
with the findings on nitrogen and phosphorus it seems almost certain 
that eucalypt mycorrhizas have the same significance as mycorrhizas 
of other species: that of a nutrient sparing device. 
b) 
(i) 
Mycorrhizas in different subgenera of Eucalyptus 
Frequency and effectiveness of mycorrhizas 
On the basis of many general observations it is concluded 
that there is no important difference between Monocalyptus and 
Symphyomyrtus in terms of the frequency of mycorrhizal formation, 
a conclusion which agrees with that of Levisohn (1958). The 
failure to produce satisfactory non-mycorrhizal control plants 
frustrated an attempt to compare the effectiveness of mycorrhizas 
on Eucalyptus delegatensis (Monocalyptus) and!• dalrympleana 
(Symphyomyrtus). On the other hand, the application of various 
levels of nutrient (Chapter IV) to these two species gave 
comparable effects upon both!· delegatensis and!• dalrympleana 
in terms of the percentage of root apices which became converted 
into mycorrhizas. 
The dosage response curves were of very similar shape, 
although E. dalrympleana had fewer mycorrhizas overall. This 
difference was thought not to be related to any intrinsic difference 
between the mycorrhiza forming abilities of the two species 
~ se. E. dalrympleana had fewer fine roots available for 
conversion to mycorrhizas, a factor which could influence the 
percentage of mycorrhizas formed (Robertson, 1954). At high 
levels of nitrogen and phosphorus there was another extraneous 
factor which 1.nte·rfered · with the experiment. An attack of 
Powdery Mildew caused by Oidium eucalypti Rostr. gave a 
considerable reduction in effective leaf area over several weeks. 
This was seen to cause much more severe defoliation of the E. 
dalrympleana. Except for attempts to control the outbreak, this 
was given little attention at the time. However, the overall 
growth (dry weight) of~. dalrympleana was almost certainly 
affected and the defoliation may have depressed mycorrhizal form-
ation also. 
(ii) Host-symbiont specificity 
Considerable time was spent searching for evidence of fungal 
specificity towards either Monocalyptus or Symphyomyrtus (Chapters 
III and V) without success. It is concluded that such specificity 
either does not exist or, if it does exist, it is not common 
enough to be a significant factor discriminating between the 
ecological 'niches' of different Eucalyptus species. 
VII, A NEW HYPOTHESIS TO EXPLAIN ASSOCIATION 
BETWEEN EUCALYPTUS SPECIES 
1, INTRODUCTION 
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Although the data relating to mycorrhizal specificity 
was not then complete, by early 1969 I had arrived at the view 
that mycorrh izas were unlikely to play a significant role in 
maintaining associations between species of Eucalyptus. At 
that time I was encouraged to seek an alternative hypothesis, 
following a restatement of the problem of associat i on in a 
seminar given by Professor L.D. Pryor. I had recently been 
impressed, i n discussion with Dr W.A. Heather, by the very 
considerable impact which parasites had on eucalypts growing 
in natural stands. Added to my own preoccupation with specificity, 
these various thoughts led me to propose that the balance between 
competing co-dominant eucalypts is maintained by the depredations 
of host-specific parasites, This hypothesis was subsequently 
developed further as a theoretical exercise, in parallel with 
the mycorrh izal studies. 
2. THE HYPOTHESIS 
The hypothesis can be formally stated as follows: 
'Two competing plant specie.s can be maintained in stable 
association if they are subject to a significant level of 
attack by two different sets of host-specific parasites which 
are capable of responding separately to any increase in density 
of their particular host with a disproportionate increase in 
numbers and hence in the amount of damage inflicted upon that 
host'. 
Such a system combines the concept of differential 
environmental factors with a negative feedback mechanism. 
This f eedback does not depend on genetic changes taking place 
in the organisms, merely the interplay of host and paras i te 
numbers, so it justifies the separate appellation 'negative 
ecological feedback'. 
3. EVIDENCE IN FAVOUR OF THE HYPOTHESIS 
1 06 
The hypothesis is predicated on three assumptions. The 
first is that parasitic organisms are capable of mounting 
suf fi ciently damaging attacks upon plants to produce ecologically 
significant effects. The second is that a significant per-
centage of the parasites harboured by plants are host-specif i c, 
to the extent that they can only attack one species of pl ant in 
a particular ecosystem. The third assumption is that the 
parasite density is related to host density in a non-linear 
fashion, such that a given increase in host density produces 
a disproportionate increase in parasite density. 
a) The ecological impact of plant parasites 
In natural plant communities, endemic parasites exact a 
more or less constant toll on growth and reproduction. They 
have attracted very little attention from plant pathologists 
and no comprehensive study has ever been made of their overall 
impact within such stable systems. However, forestry practice 
has afforded a number of opportunities to study the effect of 
such parasites under less stable conditions. There have been 
a number of attempts to extend the immediate range of valuable 
tree species. For instance, the European Larch (Large, 1953) 
was originally found only in the higher regions of the Alps 
and in the Carpathian Mountains . In the eighteenth century it 
was discovered that they provided particularly fine timber for 
ship-building. For the next 150 years they were widely 
planted in northern European lowlands and in most places they 
grew very much better at first than in their native habitat. 
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Then a number of parasites built up in the plantations and 
eventually caused so much damage to the trees that p l anting was 
abandoned. Foremost among the destructive pathogens was 
Dasys cypha calycina; yet this same fungus was a relatively 
inoffensive parasite in alpine stands of Larch. Similar 
experiences during attempts to extend the range of Monterey 
Cypress in California and Red Pines in Michigan are reported 
by Baxter (1967). In Queensland, an attempt to cultivate 
Southern Kauri was countered by an epidemic of Coniferoricoccus 
agathitis, a previously insignificant native insect (Heather, 196 2) , 
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Although the range of these trees was extended artificially, 
each case attests to th~ ~onsiderable power which parasites 
possess to influence plant ~istribution. It is especially 
significant that t~ ~ffect of the parasitic attack was always 
to change events in the direction of the original balance. I t 
is evident in cases like ~he European Larch that such tree 
species have the genetic capacity to exploit a much wider 
range of physical conditions than those in which t hey are 
found naturally. Therefore, their geographic boundaries must 
be determined by biological competition , in which paras i tes 
are seen to play a direct role. Thus, within the native stand, 
parasitism must be limited to a level which the trees can 
tolerate and which still allows the speci es a margin of 
compe ti t ive ab ility over other plants. Beyond the limits of 
tha t na tive environment, the parasitism may rise to a l evel 
where t he f i t ness of the species is seriously impaired and it 
cannot compete. Graham (1963) refers to two instances (Douglas 
Fir Tussock Moth and Western Pine Beetle) where enhanced 
parasi t ism of t ree species is known to have caused the treeline 
to retreat in favour of grassland communities. In short, it 
seems certain that the boundaries between associations are not 
determined simply by the relative growth and reproductive 
capaciti es of the plant competitors in that env ironment, but 
by their~ growth and reproduction after subtraction of the 
damage due to attack by endemic parasites. One wonders how 
of t n p l ant compe tition studies have been carried out under 
condit i ons wh i ch do not allow this factor to be expressed. 
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There do not appear to have been any attempts to increase 
the immediate range of eucalypts within Australia on a comparable 
scale to the above examples. Consequently the ecological impact 
of parasites upon eucalypts cannot be judged in this way. 
However, attention has been drawn to the healthy appearance 
of phytotron grown eucalypts (Heathe~ 1971) and eucalypts grown 
as exotics in California (Jacobs,1955) when compared to the 
tattered appearance of native trees (Plates VII-1 to VII-4). 
I t i s inevitable that the constant reduction of effective leaf 
area by insect attack and fungal leaf spots will produce a 
considerable impact up-0n the annual growth increment, although 
this has never been directly assessed. However, periodic 
increases in defoliation above the background level of damage 
have attracted some attention. For instance, Manzanec (1968) 
found that a light defoliation by phasmatids in one year, 
caused a significant reduction in diameter growth of Alpine 
Ash over the succeeding two seasons. Experimental defoliations 
in the manner of Cremer (1965) also provide a convenient 
approach to the problem. For instance, he was able to demonstrate 
that complete defoliation of!• regnans during the spring 
period, which may result from attack by Sawfly larvae (Carne, 
1969), gave a 50-70% reduction in growth increment. 
b) Host-parasite specificity 
" Plant patho l ogists (e.g. Gaumann, 1950; Garrett, 1970) 
re cognise a whole spectrum of parasitic relationships, ranging 
f rom unspecialised opportunistic parasites, such as species of 
Pythium and Fusarium which can attack practically any plant if 
it is weakened sufficiently by adverse environmental conditions, 
to highly specialised races of Puccinia graminis var. tritici 
which can only become established on certain varieties of 
wheat. Most parasites possess host ranges intermedi ate between 
these extremes; a plant genus or f amily representing common 
limits for a fungus. Entomologists (e.g. Graham, 1963) also 
recognise varying degrees of host 'preference' among different 
insects , which may be characterised as euryphagous (having 
broad dietary habits) or stenophagous (with restricted diets). 
Fungi, bacteria, nematodes and certain endoparasitic insects 
(e.g. gall formers) which have an intimate relationship with 
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their hosts appear to have host ranges which are fixed genetically. 
Ectoparasites, especially the chewing and sap-sucking insects, 
are less rigid. When present in normal numbers, with plenty of 
plant hosts from which to choose, they may show strong 
preferences; but under the stress of high population pressures 
the same species may demonstrate itself capable of utilising 
a broad range of hosts. 
This variation in degree of host-parasite specificity 
results in a broad generalisation which can be tested by 
reference to any comprehensive catalogue of host-parasite 
combinations as in Table Vil-1. The more closely two plants 
are related, the more parasitic species they are found to share 
in common; conversely the more distantly related they are, 
the less parasites are able to attack both. It is therefore 
not surprising that the two greatest successes in plantation 
forestry are eucalypts in the old world and Pinus radiata in 
Australasia. Shifted to opposite ends of the earth, these 
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inhabiting the same general area of North America - northern 
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Plant classification - Hutch i nson (1959); disease records -
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species -have not only been separated by large distances from 
their native pathogens, but they have also been transferred 
into regions possessing quite unrelated floras that support 
relatively- few pathogens able to transfer their attention to 
these exotics. 
If the above generalisation is applied to eucalypts, it 
appears probable that members of the same interbreeding sub-
generic group will possess more parasites in common than 
would -species taken from members of different subgenera. This 
has special significance in the light of the tendency for 
eucalypt associations to be formed from members of different 
subgenera. A limited number of reports in the literature 
support the proposition. Thus Heather (1971) says that "the 
target spot caused by Aulographina eucalypti ..... will enable 
a pathologist to record a tree as a member of the subgenus 
Renanthera [now Monocalyptus] just as accurately as a 
taxonomist would distinguish it by its fruits. Similarly 
Septoria normae and Phaeoseptoria eucalypti appear to be 
restricted to species of the subgenus Macranthera [now 
Symphyomyrtus] ... ". To this can be added the recent report of 
Walker and Bertus (1971) indicating that Ramularia pitereka 
causes shoot blight only on eucalypts within the subgenus 
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Corymbia. On the insect side, Moore (1970) actually subdivides 
the p~yllid genus Glycaspis into two distinct subgenera on the 
basis of their relationship to eucalypt host plants; Synglycaspis 
parasitising Monocalyptus and Glycaspis parasitising Symphyomyrtus. 
In discussions with other pathologists and entomologists, it is 
clear that a number of other specific host-parasite associations 
are recognised but not formally defined as yet. Until 
recently there does not appear to have been much interest 
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in determining the boundaries of specificity, but the large 
numbers of different parasitic species recorded for Eucalyptus 
makes it likely that many more specific relationships exist. 
Stahl and Titze (unpublished data) catalogue nearly 100 wood 
rotting fungi and over 200 other fungal species causing leaf 
spots, shoot blights and root rots. Penfold and Wi l lis (1961) 
record 28 families of insects known to infest eucalypts, some 
of these families containing many species. 
For the purposes of the hypothesis, absolute specificity 
is not so important as the degree of specificity which operates 
in a particular environment; so that the best comparison of 
the parasitic flora and fauna of eucalypt associates is provided 
by the field situation where they occur. Plates VII-1 to VII-4 
show representative leaves taken from four sites during the 
spring. Considerable damage is apparent on all species. Some 
of it is clearly due to similar organisms; thus E. delegatensis 
and!• dalrympleana have both been attacked by leaf miners, and 
!· dives and!• dalrympleana both possess the same leaf galls. 
Other forms of damage are more or less specific to one group or 
the other; thus target spot due to Aulographina is seen on 
!• pauciflora, !· delegatensis and!· fastigata but not on 
their Symphyomyrtus associates. Many leaves of E. dalrympleana 
were skeletonised by larvae on one site but the!• dives 
appeared to escape. Similarly!· dalrympleana was subject to 
heavy 'leaf slotting' by insects while these were found only at 
a very low level on!· dives and E. pauciflora. 
c) The effect .of· host · derrsitz::on:yara-s±tes -
The effect of host density on parasite populations 
provides an interesting problem. Many pathologists appear to 
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accept as axiomatic the proposition that a dense stand of plants 
is likely to suffer much more from infectious disease than would 
a diffuse stand. Casual observations are sometimes quoted in 
support of this - belief but there appears to have been no interest 
in quantifying the phenomenon. Van der Plank (1963), who has 
written a very comprehensive book on plant disease epidemics 
deals at length with variables like inoculum intensity of the 
parasites, predisposition of the host and environmental factors 
but makes no mention of the effect of host plant density on the 
epidemiology. This probably follows from the plant pathologist's 
preoccupation with crop plants, where reduction of plant density 
as a prophylactic measure would be unacceptable to agriculturalists 
and hence is not considered as a variable in the system. 
Entomologists have been more alert to the implications of 
density dependant factors in the control of populations. Howard 
and Fisk (1911) are credited with being the first to recognise that 
only those factors which act with increasing severity as 
populations increase can bring populations into equilibrium with 
their environment. They were referring to insect populations, 
not host plants, and their view was by no means generally 
accepted. Andrewartha and Birch (1954) and Thompson (1956) 
were still making strong attacks on the idea in the nineteen-
fifties. Nicholson (1958) replied with a strong defence of 
114 
the idea, citing instances of insect population regulation by 
density governed mortality and natality (Nicholson 1954a, 
1954b) and density governed parasitism (Utid~ 1950). Further 
laboratory experiments on density dependant interactions 
between host and parasite insects or arachnids have clearly 
established the possibility of maintaining at least a semi-
stable balance between them. The findings of Huffaker (1958) 
are typical. He maintained a mixed population of two mites, 
Eotetranychus sexmaculatus a plant eater and its predator 
Typhlodrumus occidentalis, for eight months in a system that 
provided some limitation on the predator's freedom of movement. 
The two populations oscillated, slightly out of phase, through-
out this period. Each rise in the population of prey was 
followed shortly by a similar rise in the number of predators. 
Increasing numbers of ~rey then fell to the predator and the 
two populations declined in the same order. This cycle was 
repeated three times with neither organism appearing in danger 
of extinction. 
Nicholson (1958) also drew attention to an important 
example of the interaction of a plant host and insect parasite. 
Prickly pear (Opuntia spp.) was introduced to Queensland from 
~outh America and multiplied there so rapidly that by 1926 it 
had covered millipns of acres. Cactoblastis cactorum (Berg.) 
was introduced in an attempt to effect some biological control 
of the plant. The result was overwhelmingly successful. In 
the dense stands of prickly pear the insects multiplied 
dramatically and rapidly decimated the plant population. The 
insect population then declined as a result of starvation. 
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Occasionally thereafter the host plant increased again in some 
regions, only to provide the conditions for a further epidemic 
of Cactoblastis. Eventually, after a number of such fluctuations, 
the populations of plant and insect arrived at a form of 
equilibrium characterised by widely scattered clumps of 
prickly pear subject to intermittent insect attack. This was 
a clear instance of a density dependant plant-parasite 
interaction, in which increases in host density were countered 
by a disproportionate increase in parasite attack. No 
quantitative information suitable for an analysis of the 
interaction is known, however, for this or similar examples. 
There is another kind of evidence pointing to a density 
dependant interaction. There have been attempts to grow useful 
forest trees in dense plantation stands within their natural 
range. In such cases there can be no question of a different 
physical environment influencing events. Most of these 
attempts have been failures and all of them have resulted in 
an increase in parasitic attack. For instance Harper (1969) 
reports on the impossibility of culturing Hevea braziliensis 
in its native Brazil. Experimental woodlots of the savannah 
trees!• polyanthemos and E. melliodora around Canberra 
exhibit extremely poor growth and are subject to yearly 
devastation by insects. Severe insect attack and leaf spotting 
is characteristic of dense even-age stands of E. grandis on 
the New South Wales north coast. 
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4. A SIMPLE MATHEMATICAL MODEL OF THE HYPOTHESIS 
To judge the workability of the main hypothesis and to 
provide a guide to future research, a simple mathematical 
model was devised, and computer simulation used to examine the 
implications of the proposal. 
a) Simplifying assumptions underlying the model 
For initial convenience in modelling, the convention 
employed by Van der Plank (1963) is followed, whereby the 
variable components of the system are expressed as proportions. 
In this case, the environment is imagined to be capable of 
supporting a limiting quantity of host tissue to which is 
ascribed the value 1. Two host species (X and Y) compete for 
space in this environment. All the host-specific parasites 
are merged into two super-parasites x and y which are specific 
to hosts X and Y respectively. No distinction is made between 
proportion of parasite and proportion of diseased tissue. 
There is no provision included for the automatic adjustment of 
growth rate and death rate constants in response to seasonal 
changes in the physical environment and the latent period in 
disease development is ignored. In short, the model deals 
with a very much simplified ecosystem and describes the density 
dependent interactions of the four biological components, 
independently of environmental fluctuations. 
B) Equations 
The following four expressions provide descriptions of 
the rate of change of the four separate components in the system: 
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(1) Host X 
dX = ~,X[l-(X+Y)] - (D .x + D .X - D .x.D .X) 
dt x n x n 
(2) Host Y 
(3) Parasite x 
(4) Parasite y 
~ =R ,y(Y-y)[l-y(A__,y + A __ ,X)]-(D .y + D .y - D .D .y2) dt y ----y --x y n y n 
Where: 
X and Y represent the proportions of the two hosts, and X + Y ~ 1. 
(Corollary: 1-(X+Y) is the proportion of the environment 
which is not colonized by host plants) 
x and y represent the proportions of two specific parasites in 
the environment (or the diseased tissue due to them), 
with x ~ X and y ~ Y. 
(Corollary: X-x is the proportion of healthy, 
unparasitized tissue of host X, and Y-y is the proportion 
of healthy, unparasitized tissue of host Y) 
~'~'Rx,Ry are growth rate constants for the four organisms. 
D and D are death rate constants for diseased tissue relating 
X y 
to the specific attacks of parasites x and y. 
D is a death rate constant applicable to all host tissues which 
n 
relates to 'background' death due to non-specific causes. 
AX and Ay are absorption constants describing the efficiency with 
which the two hosts collect inoculum from the environment. 
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c) Derivation 
The first - term_in -each of the- equations (1) and (2) 
describes th~ -rate -of increase_of _one_host plant and has the 
overall form of - Van der- Planl<--'s (1963) equation number 3.2 
which generates a sigmoidal increase -in proportion of tissue 
with time. Thus- the two hosts, starting from low proportions, 
will increase almost exponentially at first, but as the 
proportion of environment left for them to expand. into decreases, 
their growth rates will fall. off and tend- asymptotically towards 
zero. Equations (3) and (4) for the two parasites have a 
similar term, e.g. R .x(X-x), plus a correction for absorption 
X 
of inoculum as the density of absorbing tissue increases, e.g. 
1 - x(~.x + Ay~Y). These latter terms were derived as follows: 
During transmission between two host plants, inoculum 
intensity is known to fall off exponentially with distance from 
the source due to a combination of dispersal, and absorption by 
the ground and foliage on the way. Dimond and Horsfall (1960) 
give an equation (their number 9) describing this phenomenon. 
In the case of a two-dimensional array of randomly placed plants, 
where the inoculum may arrive at each plant from any direction 
over a period of time, it becomes very difficult to predict the 
actual levels of inoculum arriving at any point. Fortunately 
for the present purpose, it is only necessary to know how 
inoculum intensity varies with host density and this relation-
ship resolves itself more simply. If we ignore for the moment 
the question of absorption of inoculum by foliage, any given 
point in the array receives doses of inoculum from a range of 
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emission points, where the size of each inoculum dose depends 
upon the distance travelled and the number of such doses 
depends upon the number of emission points. If the total 
number of emission points is increased by random interpolation 
of diseased plants into the array, then the number of emission 
points at each distance from the reference point will increase 
in the same proportion, and so will the number of doses of 
inoculum received by the reference point. There is, therefore, 
no need to consider the actual size of each dose of inoculum, 
merely the number. In general terms then, the amount of 
inoculum arriving at each point in the random array over a 
given period of time (inoculum intensity) is directly pro-
portional to the number of emission points (density of diseased 
plants= e.g. x). 
Similarly the absorption of inoculum will be proportional 
to the amount of host tissue available to collect it, the 
constant of proportionality (AX) being an expression of the 
efficiency of collection. Thus the amount of inoculum 
absorbed by plants at any time will be given by: 
x.~.x 
However, only that inoculum which is collected by healthy 
host tissue can produce disease, so the amount of inoculum 
absorbed productively is described by: 
x.AX(X-x) 
Moreover, the inoculum collected unproductively by tissue 
which is already diseased, x.~.x, might otherwise have been 
available to cause infection. Thus the amount of productive 
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inoculum will be reduced by the interaction factor 
(x.~.x)[x.~(X-x)) giving: 
x.~(X-x) - (x.~.x)[x.~(X-x)) 
Since the seoond host, Y, will also absorb some of this inoculum 
unproductively, a similar correction must be applied to give: 
x.~(X-x) - (x.~.x)[x.~(X-x)) - (x.~.Y)[x.~(X-x)) 
which simplifies to: 
~.x(X-x)[l - x(~.x + ~.Y)) 
This expression describes t~e amount of inoculum which is 
finally available to cause disease on the appropriate host 
plant. Not all of it will produce disease, however, since 
other factors like inoculum infectivity and viability, host 
susceptibility and predisposition all mediate the final response 
to contact between parasite and host. In Van der Plank's 
formulae, all these effects are combined into a single infection 
rate constant typical of the particular host-parasite system 
operating within a given set of environmental conditions. The 
same thing is achieved here by merging the initial~ of the 
previous expression into the growth rate constant R. X 
Actually the problem of absorption is more complex than 
the above expression allows because inoculum during transmission 
is subjected to a sequential absorption. The above correction 
is adequate, however, unless~ becomes extremely large or the 
rate of increase of disease at very high values of xis required 
to be computed with great accuracy. 
The second major term in each equation of the model 
describes the decay rate of the component in terms of the death 
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rate due to the specific parasite plus the death rate due to non-
specific causes, less a correction factor for interaction between 
the two (the same piece of tissue cannot be killed twice). 
Biotrophic parasites would of course exert their major effect upon 
the host by reducing growth and reproductive rates, but again for 
simplicity in this initial model, the parasites are imagined to 
exert all their effect upon the hosts through the death rates. 
Equations (1) and (2) describing the behaviour of the two 
host species, are linked only by the condition that X and Y compete 
for space in the same environment. This competition is provided 
by the term [1 - (X+Y)] appearing in both equations. Equations 
(1) and (3), and also (2) and (4) are intimately linked at 
several points befitting the host-parasite relationships which 
they represent. However, equations (3) and (4) are essentially 
distinct from each other in that they contain no common terms 
except those required by the mutual interception of inoculum by 
their respective hosts. The model thus consists of two sym-
metrical halves which are linked only through the fact of 
competition between the two hosts. This needs to be borne 
clearly in mind when the model is operated and interactions 
appear. 
d) Computed illustration (Fi g ure VI I-1 ) 
To illustrate the working of the model and the hypothesis 
which underlies it, an example was computed employing the digital 
analog simulator program CSMP modified for use with teletypes and 
a CDC 3600 computer. A set of parameters were allotted to the 
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four components of the model and the equat i ons i ntegrated through 
time to provide graphical descriptions of the growth of hosts and 
parasites in different combinations. Figure la shows the increase 
of host X when grown alone, from a very low initial value up to 
an equilibrium level determined by the balance of growth rate and 
non-specific death rate. At point p, the specific parasite x was 
introduced at a low level. The parasite increased rapidly until 
its depredations reduced the level of host X. Both host and 
parasite then equilibrated to levels determined by their inter-
actions. Figure lb shows the same events for host Y and parasite 
y. Host Y had been given a growth rate somewhat less than host X 
which accounts for its lower equilibrium levels with and without 
the parasite. Figure le illustrates the competition between 
the two hosts when low initial numbers were permitted to multiply 
in an environment containing no parasites. No equilibrium was 
reached and it is clear that the faster growing X would eventually 
eliminate Y from the system. Figure ld shows what happened when 
all four components of the ecosystem were present. The curves 
show many features which are common to the other graphs. Host X 
initially outgrew Yasin figure le, but then its specific parasite 
increased and the consequent reduction of X provided Y with a 
temporary advantage. Host Y was then subjected in its turn to an 
epidemic of parasite y which redressed the balance. After a small 
number of damping oscillations, all four components came into 
equilibrium with one another. Competition between the hosts was 
responsible for the failure of the four components to find stable 
levels immediately. Such interactions are common features of 
biological models. 
FIGURE VII-1. Operation of the host-parasite model. 
a) Host X initially alone in ecosystem; 
parasite x added at time p . 
b) Host Y initially alone in ecosystem; 
parasite y added at time p. 
c) Hosts X and Y together in ecosystem in the 
absence of their parasites. 
d) Hosts X and Y together with parasites 
x and y in the ecosys tern:. 
Abscissa, time in arbitary units; 
Ordinate, proportion of component in the 
ecosystem. X and Y are the proportions of 
the two host species; x and y are the 
proportions of their respective parasites. 
In all systems where they appear, each 
component has been assigned the same rate 
constants and initial values. 
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Particular attention is drawn to the comparison between the 
equilibria levels of X in figure la; Yin figure lb and X +Yin 
figure ld. The system containing all four organisms produced 
significantly more host tissue (X + Y) than either of the systems 
containing only one host and its parasite. This is because the 
four component system has less total parasites present due to 
their reduced rate of increase at lower host densities. 
A number of other examples have been computed, the results 
of which show that the equilibria eventually arrived at are 
typical of the rate constants used in the model but are quite 
independent of the starting proportions of X,Y,x and y. The 
system is thus stable in the sense that for a given set of 
parameters it will return the proportions of the four components 
to the same level from any starting point. An equilibrium, like 
the one illustrated, of all four components is possible over a 
reasonably wide range of values of the constants, but if the growth 
rates of the two hosts are too discrepant, then a three component 
equilibrium is achieved between the two hosts and the parasite of 
the fastest growing host, the other parasite being reduced to 
negligible proportions. 
Several variations of the equations have been tried with 
similar results, demonstrating that the model is quite robust. 
For instance, the functions correcting for interactions, 
2 [1 -x(A .x + A .Y)) and (D .D .x ), can be left out of the model X -~ x n 
without altering the general shape of the growth curves or the 
positions of the equilibria to any great degree. 
The work in this section (4) was carried out in conjunction 
with Dr E.G. Brittain (Chilvers & Brittain,1972). 
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5. CONCLUSIONS 
a) Validity of the hypothesis 
Notwithstanding the simplicity of the model, it demonstrates 
that the proposed system of negative ecological feedback is 
feasible and worthy of further investigation. There can be no 
suggestion that the model could be taken out into the field and 
used to make detailed predictions in its present form, but it is 
believed that it provides a generally valid picture of the way in 
which competing host plants and their specific parasites may interact. 
Some of the simplifications have been employed by Van der Plank 
(1963) in models which he used to effect useful predictions about 
crop epidemics. While acknowledging that infection rates will vary 
widely with diurnal and seasonal changes in the physical environment, 
he says that "To postulate for heuristic purposes a constant rate 
from day to day - or from year to year, if years are the appropriate 
unit of time - is not unrealistic. Examples of nearly constant 
infection rates have already been noted •.. ''. All of the rates in 
his continuous infection models are therefore 'average rates', and 
these work very well if the units of time are chosen to cover a 
complete 'wavelength' of periodic oscillations in the environment. 
The same reasoning would apply to all the rate factors built into 
the model here - providing a unit of time is chosen which encompasses 
short term variation (e.g. a year), then the absence of any 
provision for automatic variation of the constants is not such a 
serious omission. Similarly, the latent period in disease develop-
ment must be taken into account for detailed prediction of short 
term changes; but over the long term, when host and parasite re-
production loses much of its synchrony, the out-of-phase lag periods 
1 25 
which the latent period produces will also tend to become submerged 
within the general rate constants. 
Since this model was worked out and submitted for publication 
I have become aware of a recent paper by Janzen (1970) in which he 
arrives at essentially the same hypothesis from a different 
direction. Working in species-rich tropical forests he was alerted 
by the wide separation between trees of the same species. He 
constructed static models to demonstrate how the chance of a given 
seed surviving parasitic attack increases, the further it lands 
from the parasite-harbouring parent tree. Apparently, even this 
was not the first such suggestion along these lines. Janzen 
quotes part of a paper by Ridley (1930) in which he said "Only 
those seeds which are removed to a distance are those that reproduce 
the species •..• due to this •... one-plant associations are 
prevented and nullified by better means for dispersal of the seeds. 
When plants are too close together, disease can spread from one to 
the other, and become fatal to all". If one reads back into 
Forest Pathology works, it is apparent that the idea has also 
lingered close to the surface there for some time. Boyce (1948) 
advises: "Pure stands are more susceptible to diseases, particularly 
those caused by introduced parasites, than mixed stands. Mixtures 
of conifers and hardwoods are particularly desirable because the 
two classes of tree in general have their own groups of fungal 
parasites". The convergence of these different viewpoints lends 
further encouragement to the belief that the hypothesis is reasonable 
and worth pursuing. 
Ultimately, the predictive value of the hypothesis must be 
tested in experiments in the field. The model has drawn attention 
to the main .rate parameters which need to be measured and 
' 
even 
in its present simplified form, its predictive value could be 
tested in experiments with host-parasite pairs maintained under 
controlled conditions. 
b) Practical implications of the hypothesis 
It is not uncommon practice, during the management of 
natural forests such as those in the Brindabella Mountains, for 
one of the co-dominant tree species to be removed selectively, 
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in the simple expectation that it will be replaced by a worthwhile 
quantity of the other more commercially desirable species. It 
would be useful to have a model capable of predicting the 
reduction in total host tissue or 'monoculture deficit' which 
may result from such a change. 
If one takes a broader view, it is instructive to compare 
the relative constancy of 'endemic' parasitism in natural 
ecosystems with the 'epidemic' nature of disease in agricultural 
crops. The man-made system is inherently unstable and requires 
a constant expenditure of money and effort to hold the parasites 
in check. Some of this instability is genetically based, and 
results from the forced evolution of crop plants towards more 
efficient exploitation of the physical environment without due 
regard for its competitive ability versus other organisms. 
Catastrophic epidemics characterise the reuniting of a parasite 
with a host plant that has been 'bred up' in its absence. Even 
the deliberate insertion of selected (R) genes for super-
resistance to disease is now suspected to make a contribution 
to periodic epidemics (Van der Plank,1963). However, it seems 
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likely that most of the instability results from the practice 
of growing plants in dense monoculture. In the present climate 
of growing concern about the dangerous consequences of using 
pesticides and fungicides, it might be worth while investigating 
the possibility of growing some agricultural and horticultural 
plants in mixed stands to reduce the overall disease impact. 
'Biological control', in which an unstable situation is 
transformed into a self-correcting dynamic equilibrium by the 
introduction of an epiparasite or a slight physical change in 
the environment, has long been considered the most desirable 
method of controlling disease. Unfortunately, although a 
number of very successful discoveries have been made which 
solve particular problems, these have rarely proved suitable 
for generalising to other situations. In this regard, 
'multiculture' could be the ultimate biological control method. 
It seems likely that the success of the mixed pasture evolved 
by North European ley farmers is attributable in no small 
measure to just this mechanism. 
c) Prospects for future work 
The parasitology of natural plant communities is virtually 
an untouched field. 
A reasonable amount of purely taxonomic work has been 
carried out on parasites of naturally occurring plants, but 
records of their geographical location and their associated. 
host plants are usually inadequate. In particular, negative 
observations are rarely recorded, so that it is generally 
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impossible to judge the limits of their geographical distribution, 
or the, range of hosts on which they occur. Individual species of 
parasite, for example, Phytophthora cinnamoni, which attract 
interest because of a more than usual degree of virulence, have 
been the subject of more comprehensive studies (C.S.I.R.0.,1971); 
but the special circumstances which stimulate such studies indicate 
than an unnatural factor may be at work in these cases. 
There is a need to approach the problem at the community 
level, combining quantitative surveys of the various parasites 
present in a particular community, with simultaneous assessments 
of the damage which they cause. The relatively simple Brindabella 
Mountain communities provide a convenient subject for such studies, 
and at the beginning of this year, Mr J.J. Burdon commenced a 
field study there under my supervision. His first results, from 
two separate eucalypt associations, confirm the earlier impression 
that a considerable proportion of the leaf parasites show host 
specificity or host preference. He has also made some progress 
towards an integrated assessment of damage in terms of loss of 
effective leaf area due to these organisms. 
To study the operation of density-dependant factors, it will 
be expedient to start with smaller experimental systems. For 
instance, in undergraduate classes, the author has often demonstrated 
the influence of host density on the progress of 'damping-off' 
disease among cress seedlings. A simple host-parasite system such 
as this could provide a useful starting point for quantitative 
studies. 
PLATE VII-1. 
PLATE VII-2. 
Leaves of Eucalyptus dives subgenus 
Monocalyptus (top row) and Eucalyptus 
dalrympleana subgenus Symphyomyrtus 
(bottom row), collected from young trees 
growing together at the same site in the 
Brindabella Mountains during November 1971. 
(Approx. half natural size) 
Leaves of Eucalyptus fastigata subgenus 
Monocalyptus (top row) and Eucalyptus 
viminalis subgenus Symphyomyrtus 
(bottom row), collected from young trees 
growing together at the same site in the 
Brindabella Mountains during November 1971. 
(Approx. half natural size) 

PLATE VII:-3 , 
PLATE VII-4. 
Leaves of Eucalyptus delegatensis subgenus 
Monocalyptus (top row) and Eucalyptus 
dalrympleana subgenus Symphyomyrtus 
(bottom row), collected f rom young trees 
growing together at the same site in the 
Brindabella Mountains during November 1971. 
(Approx. half natural size) 
Leaves of Eucalyptus pauciflora subgenus 
Monocalyptus (top row) and Eucalyptus 
dalrympleana subgenus Symphyomyrtus 
(bottom row), collected from young t~ees 
growing together at the same site in the 
Bri ndabella Mountains during November 1971. 
(Approx. half natural size) 
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Summary 
All Eucalyptus species examined are capable of forming ectotrophic mycorrhizas 
in association with suitable fungi. The phenomenon is widespread but the intensity 
of infection varies according to the environment in which they occur, mycorrhizas being 
most common in leached soils which accumulate organic material in or above the surface 
layers. The general structure and behaviour of these infected roots is similar to that 
described for Fagus sylvatica. 
Eucalypt mycorrhizas are compared with ontogenetically equivalent uninfected 
rootlets, revealing differences in anatomical structure which are assigned to two cate-
gories. These are quantitative differences in which certain aspects of mycorrhizal structure 
differ from the typical structure found in uninfected roots yet approximate to certain 
extreme expressions of uninfected root anatomy, and qualitative differences where 
infected and uninfected roots possess quite distinct characteristics. In the former cate-
gory, suppression of root hair formation and reduction of meristematic and root cap 
tissues in mycorrhizal axes appear to be generalized changes of the kind which result 
from slow growth through an unfavourable environment, so that it is not clear whether 
the invading fungus induces or merely perpetuates the state found in mycorrhizas. In 
the latter category, radial elongation of epidermal cells and pronounced thickening of 
cell walls in the inner cortex are shown to be specific changes induced only by fungal 
infection. 
Mycorrhizal morphology may be simulated by uninfected roots treated with 
high concentrations of naphthaleneacetic acid. Such treatment also induces some 
generalized anatomical changes similar to those found in mycorrhizas, but fails to 
bring about the specific changes characteristic of fungal infection. The importance of 
applying anatomical criteria to studies on morphogenic compounds is discussed. 
T. lNTRODUCTIO 
The majority of forest trees in the northern hemisphere may be considered as 
dual organisms in the sense that their ultimate rootlets are usually invested by non-
pathogenic fungi which mediate in the transfer of substances passing between soil 
and plant tissues. A root axi which has been modified by infection and the investing 
fungal tissue are known together as an ectotrophic mycorrhiza. As information 
accumulates it has become apparent that this phenomenon of mycorrhiza develop-
ment is also widespread in native forests of the southern hemi phere. In Australia, 
Eucalyptus is the mo t important tree genus affected. 
Samuel (1926) was the first to recognize an ectotrophic mycorrhiza on Eucalyptus 
rubida. t Although he suggested that "the roots of very many, if not all, Eucalyptus 
species may posses mycorrhizas", 30 years elapsed before further mycorrhizal 
pecies were reported by Pryor (I 956, four species) and Levisohn (1958, 10 species). 
*Botany Department, School of General Studies, Australian National University, Canberra. 
tNomenclature of Eucalyptus pecies will follow W. F. Blakely (1955).-"A Key to the 
Eucalypts." 2nd Ed. (Australian Forestry and Timber Bureau: Canberra.) 
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The present investigation commenced with a survey of all species available locally 
within the Australian Capital Territory or adjacent New South Wales to judge 
Samuel's prediction against a large sample of the genus. Native stands, together 
with a large number of exotic seedlings and young trees kept at the Botany Depart-
ment nursery at Canberra, provided 152 species for examination, of which 138 had 
not been checked previously. Without exception , all these species exhibited the 
mycorrhizal phenomenon, although sometimes individual plants were not infected. 
A list of confirmed mycorrhizal species of Eucalyptus appears in Appendix I. The 
154 species now known to be capable of forming mycorrhizas total only one-quarter 
of this large genus; nevertheless, they include representatives from 40 of the 47 
taxonomic series listed by Blakely. The other seven series form no apparent pattern 
within the genus, and nothing suggests that they will prove to be exceptions. There-
fore it is reasonable to conclude that all species of Eucalyptus are capable of forming 
mycorrhizas. 
The many studies carried out on beech and pine in the northern hemisphere 
have made it clear that the extent to which a capacity for mycorrhizal production is 
actually realized will depend ultimately upon the environment in which trees are 
growing. For this reason , attention was also given during the initial survey to different 
environments in which eucalypts occur. Root systems were observed in a range of 
native stands, from open savannah woodland to high forest, which had been de-
liberately selected to provide examples of trees growing under the influence of a 
wide variety of climatic and edaphic factors. Altitudes between sea-level and 4500 ft 
receiving rainfall in the range 20- 50 in. per annum were visited. Soils were derived 
in situ from granites, dacite, basalt, serpentine, limestone, sandstone, and a variety 
of shales, or from mixed alluvial deposits. In all of these areas some mycorrhizas 
were to be found on eucalypt root systems. However, the intensity of infection 
varied greatly, with one trend clearly evident. Conditions which favoured the accumu-
lation of organic matter in the surface layers of well-drained soils or as litter above the 
surface were most conducive to mycorrhiza formation. Mycorrhizas were most 
prominent in the surface layers of podzolic and alpine humus soils formed in the 
cool moist conditions which prevail at higher altitudes. Several young trees of 
E. dalrymp/eana and E. dives had fine root systems so completely invested by fungus 
that it was difficult to locate the occasional uninfected apex. Ashton (1956), studying 
E. regnans in Victoria, has previously recorded a count of93 % infected apices through 
the topmost foot of soil. 
The extensive distribution of the mycorrhizal phenomenon in Eucalyptus, 
together with the capacity for very intensive development in certain habitats, suggests 
that a balanced view of the genus should include some understanding of its relation-
ship to these associated fungi. So far, little attention has been paid to eucalypt 
mycorrhizas. Indeed, if available knowledge concerning the subterranean portion 
of the genus is gauged by reference to the popular account by Penfold and Willis 
(1961), who devote some thousand words to them compared with more than a quarter 
of a million to the parts which grow above ground, then little attention has been 
paid to eucalypt roots of any kind. Eucalypts are of singular importance in Australia 
and their cultivation elsewhere is extended yearly. In some Mediterranean countries, 
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establishment failures have been previously reported by Pryor (1956), who suggested 
that they may be due to the absence of suitable symbiotic fungi . 
]I. THE MORPHOLOGY OF EucALYPT F, E ROOT SYSTEMS 
Initially a large number of observations were made to obtain a clear picture 
of the variety of form exhibited by eucalypt mycorrhizas, and from this to make 
some judgment of the applicability of concepts already formed during the study of 
other groups. The overwhelming conclusion drawn from these observations was 
that eucalypt mycorrhizas showed the same general patterns of infection that Harley 
(1 959) described for beech, and consequently the terms used by Harley to name 
different categories of infection may be extended to name equivalent phenomena in 
Eucalyptus. 
On this basis, the following kinds of root or root system have been recognized : 
uninfected roots, superficial mycorrhizas, diffuse and pyramidal infected systems, 
nodular infections, apically infected roots, and the unbranched lateral infections 
typical of Cenococcum graniforme. In addition to these were a number of secondary 
infections and primary pathogenic invasions which bore superficial resemblance to 
mycorrhizas. Coralloid infections have not yet been found. Loose weft infections, in 
the sense of Harley, have not been distinguished in Eucalyptus. Some pyramidal 
systems have copious wefts of hyphae around them, but they are not restricted to 
deeper soil layers and do not appear to justify a separate category. Uninfected roots 
and pyramidal mycorrhizas are the two categories of root found most frequently under 
natural conditions. Therefore, except where other kinds of mycorrhiza are specifically 
mentioned, subsequent discussion may be understood to refer to pyramidal my-
corrhizas. Plate 1 illustrates the characteristic racemose habit of simple pyramidal 
sy terns. This may be modified or concealed by proliferate branching to produce 
clusters of mycorrhizas, which sometimes number several hundred apices. 
In a completely uninfected root system, for example that of a well-nourished 
seedling which has been growing vigorously in exfoliated vermiculite, a monopodial 
branching habit gives rise to successive orders of roots which form an evenly graded 
eries of thinner, shorter, but increasingly numerous rootlets. At the other extreme, 
a heavily infected system exhibits a fairly abrupt division into pyramidal systems of 
infected "short" roots less than I cm long, contrasting with uninfected "long" roots 
of indefinite length. An uninfected system of roots growing through a particularly 
unfavourable soil may show a similar emphasis on development of long and short roots. 
Although this distinction i essentially one of behaviour, it is obvious that the fine t 
rootlets are more readily converted to short roots than are the roots of larger diameter 
(k mm and above). As a re ult of this, long roots are often more complex anatomically 
than their attendant short roots ; e.g. they may posses tri- or tetrarch steles compared 
with diarch steles, and have three or more cortical layer as opposed to two. 
In some cases, large-diameter long roots are converted to superficial ectotrophic 
mycorrhizas by investment with a thin sheath of fungal tis ue. Infection of hort side 
roots occurs from this heath , providing continuity of infection in the manner des-
cribed for beech. This phenomenon, however, has not been found to any great 
extent in Eucalyptus, being limited to roots entering the under-surface of particularly 
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heavy accumulations of litter or growing down into the drainage hole of clay pots. 
In eucalypt forests favourable environments for this type of development are apparently 
rare, the litter layer being mainly an Aoo horizon of undigested bark, twigs, leaves, 
and fruits. More commonly, the clusters of mycorrhizal short roots produced in the 
A1 horizon are interconnected by hyphal strands or rhizomorphs which grow along 
the surface of long roots and attach themselves to the base of the mycorrhizal mantle. 
It is presumed that "continuity of infection", in a broad sense, is maintained normally 
by means of these rhizomorphs. To a varying degree, depending on the species of 
fungus and soil conditions, these rhizomorphs also range through the general soil 
environment. 
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Ill. COMPARISON OF THE ANATOMY OF MYCORRHIZAS 
WITH THE ANATOMY OF UNINFECTED ROOTS 
In order to establish a basis for comparative anatomical study, the diameters 
of a number of mycorrhizal short roots taken from a heavily infected system were 
measured behind the region of cell elongation. In a similar manner the diameters of 
rootlets from a completely uninfected root system were measured. Figure 1 shows 
histograms constructed to show the frequency of mycorrhizas and uninfected roots in 
different diameter classes. Uninfected roots are at a maximum around 120 µ diameter, 
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while mycorrhizas reach a less well-defined peak near 190 µ,. Rootlets and mycorrhizas 
approximating these modal types were chosen for a study of comparative anatomy. 
A large number of stained paraffin sections were examined, together with whole roots 
cleared in lactophenol. From these observations sectional drawings have been made 
to illustrate an average mycorrhiza and an uninfected root (Fig. 2). The tissue 
organization of these modal types is identical. Thus both mycorrhizas and uninfected 
roots possess diarch steles, a single layer of cells in both pericycle and endodermis, 
two layers of cortical cells which by virtue of differential behaviour will be referred 
to as inner and outer cortex, and a distinctive epidermis. By contrast to this similarity 
of organization at the tissue level, the developmental behaviour and ultimate structure 
of many of the cells composing these tissues are different in mycorrhizas and uninfected 
roots. The structural differences will be considered in two separate categories : 
firs tly, a group of "quantitative differences" in which aspects of mycorrhizal structure 
differ from the typical structure found in uninfected roots but resemble certain extreme 
expressions of uninfected root anatomy; secondly, a group of "qualitative differences" 
where the mycorrhizal structure falls right outside the limits of variation found in 
uninfected roots. 
(a) Quantitative Differences in Structure between Mycorrhizas and Uninfected Roots 
(i) Root Hairs.- Mycorrhizas never produce root hairs, while uninfected fine 
roots generally produce some when growing in soil. Uninfected fine roots, however, 
can vary widely in the number of root hairs produced. Roots growing aseptically on 
mineral agar produced root hairs from all epidemial cells, while roots growing through 
unfavourable media (e.g. waterlogged soil) often produce none at all. Lack of root 
hairs in mycorrhizas is probably a generalized response to one particular type of 
unfavourable environment, viz. the fungal mantle. 
(ii) Root Cap.- Mycorrhizas have very limited root cap tissue, in which rarely 
more than two cell layers between the apex and fungal sheath can be distinguished. 
In active uninfected roots the root cap is quite extensive by comparison. 
In uninfected roots the ize of the root cap is determined by the relative rates 
of cell production and cell loss due to sloughing off. In the mycorrhizas, root cap 
cell cannot escape from the investing sheath of fungal tissue, but passing backwards 
around the shoulder of the root apex during its forward growth they become collapsed 
and dark brown in colour, and persist for some distance along the root in the form of 
a disorganized layer adjacent to the epidermis. Clowe (1951 , 1954) gave a detailed 
description of this phenomenon in beech mycorrhizas, and hypothesized that the 
mycorrhizal fungus was responsible for decomposing root cap cells, although he 
pointed out that his observations provided no direct evidence concerning the role of 
the mycorrhizal fungus. 
Uninfected fine roots which have ceased growing or are growing very slowly may 
posse limited root caps similar to those of mycorrhizas. This similarity is enhanced 
on occasions where the cap cells are pigmented brown, or where collapsed cell residues 
can be recognized adhering to the epidermis at some distance behind the apex. 
(iii) Zone of Differentiation.- Differentiation generally approaches much closer 
to the apex in mycorrhiza than it does in comparable uninfected roots. This 
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generalization is based on specific criteria such as lignification of the protoxylem, 
tannin impregnation of the endodermis, and vacuolation of the cortex. Allied to these 
differences is a general reduction in amount of meristematic tissue, the whole 
appearance being suggestive of an overall precocity of differentiation, or a retardation 
of cell production in mycorrhizas, or both. Exhaustive studies by Clowes (1950) and 
Wilson (1951, cited by Harley 1959) of the same phenomenon in beech all point to 
the second interpretation being correct. A reduction in the number of cells produced 
is certainly most consistent with the generally shorter appearance of mycorrhizas. 
Wilson showed that aging roots took on an appearance of spatial precocity not unlike 
mycorrhizas, and Clowes (1951) demonstrated that roots whqse linear growth was 
artificially impeded by treatment with colchicine also showed differentiation closer 
to the apex. More general observations made on Eucalyptus are entirely consistent 
with the findings of Clowes and Wilson: aging roots, root growing slowly through 
unfavourable media , and roots artificially restrained by overdoses of colchicine and 
naphthaleneacetic acid all exhibited the same phenomenon. So in still another 
instance there seems little reason to attribute special significance to the structure 
of mycorrhizal roots. 
In respect of all these quantitative differences, there seems reason to believe that 
the anatomical configuration of the mycorrhizal rootlet is merely that which might 
follow from slow growth of an axis through an unfavourable environment, and that it 
is not induced by some unique attribute of the investing fungus. Harley (1959) points 
to work of Wilson and Hatch as evidence that after invading a root the fungus may 
perpetuate such patterns developed previously in the uninfected root, and he 
emphasizes the need to be cautious about assuming that differences between the host 
tissues of mycorrhizas and tho e of homologous uninfected roots are due to the effects 
of the fungus upon the former. This clearly applies to the above differences observed 
in Eucalyptus but there cannot be any doubt of the specific role played by the fungus 
in regard to the following qualitative differences. 
(b) Qualitative Differences in Structure betu•een Mycorrhizas and Uninfected Roots 
(i) Fungal Tissue. - The mantle of fungal tissue surrounding the host axis in 
mycorrhizas varies in compo ition from the characteri tic pseudoparenchymatous 
ti sue of C. graniforme to a rather open-wefted arrangement of hyphae. In some 
mycorrhizas the mantle is differentiated into layers. In most mycorrhizas at least the 
innermost layers of hyphae form a coherent ti sue devoid of interhyphal spaces, so 
that movement of solutes through the mantle must occur through living hyphae or 
along the walls. In two instances the interhyphal spaces appear to be sealed by an 
Fig. 2.-Anatomical comparison between modal representatives of mycorrhizas and uninfected 
roots of Eucalyptus. A, B, Median longitudinal sect ions of mycorrhiza and uninfected root 
respectively ; C, D, transver e sections through fully differentiated region of mycorrhiza and 
uninfected root respectively. re, Root cap; m, meristematic region; fs, fungal sheath or 
mantle ; hn, Hartig net; th, thickened walls of inner cortex; epi, epidermis; oc, outer cortex; 
ic, inner cortex; end, endodermis (shaded to indicate extent of tannin impregnation); rh, root 
hair; x, lignified protoxylem (with reticulate to pitted thickening in both infected and un-
infected roots); res, collapsed residues of cap cells. 
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amorphous exudate from the hyphae. In many mycorrhizas the surface of the mantle 
is smooth, but some are ornamented with an assortment of setae and cystids or 
rendered fluffy by outgrowing hyphae. 
The Hartig net is usually composed of single layers of small-diameter, thin-
walled hyphae packed tightly between the epidermal cells. In eucalypts this character-
istic intercellular penetration has not been found below the epidermal layer. Pene-
tration into cells occurs to some extent, but appears to be typical of mycorrhizas which 
from other indications appear moribund. Such intracellular penetration may involve 
the cortex and stele as well as the epidermis. 
(ii) Cell Walls of the Inner Cortex.- In most eucalypt mycorrhizas, pronounced 
thickening of the inner tangential and radial walls occurs in the inner cortical cells . 
The thickened walls, which may be over 3 µ thick, give these cells the general appear-
ance of monocotyledonous endodermal cells (Plate 2, Fig. I). Simple pits penetrate 
the walls in considerable numbers. 
This thickening has never been seen in equivalent uninfected roots at any stage 
during their development, so it is assumed to be a specific reaction to the presence of 
the fungus. A striking confirmation of this was afforded by one rootlet in which fungal 
hyphae had penetrated into the lumen of three adjacent inner cortical cells. Thickened 
walls were produced in these three cells, while the remainder of the inner cortex was 
unaffected. This phenomenon of wall thickening bring to mind instances of 
"defence reaction" in which an invading fungus is apparently restrained by develop-
ment of lignotubers or other less specialized cell wall changes. There is, however, 
no suggestion that in this instance it normally operate to limit the inward growth of 
mycorrhizal fungi , since these rarely penetrate below the epidermis. It does, on the 
other hand, indicate that profound influences on the plant physiology may be effective 
at some distance from the fungus. An attempt will be made later to evaluate this wait 
reaction in relation to deeply penetrating pathogenic attacks. 
(iii) Elongation of Epidermal Cells.- The epidermal cells of mycorrhizas are 
elongate radially, in marked contrast to the normal axial elongation of epidermal 
cells in uninfected roots. Reliable comparisons can be made in instances where a 
root apex has grown for a while in an uninfected state, then subsequently has been 
converted to a mycorrhiza so that unaffected and radially elongated epidermal cells are 
available on the one axis. Table I is derived from measurements made on such an axis. 
The mean radial diameter of epidermal cells, and hence the thickness of the 
mycorrhizal epidermis, is nearly three times that of the uninfected portion. On the 
other hand, a decrease in the axial diameter of mycorrhizal epidermal cells relative to 
unaffected cells to a large extent compensates for the change in radial diameter, and 
results in the two types of mature cell having much the same volume. No significant 
change occurs in the other cell dimension. 
The radial elongation is present in all mycorrhizas having an Hartig net. In 
ultimate rootlets the thickening of the epidermis contributes a 25- 35 % increase in 
diameter to the whole axis. There is no reason to doubt that it represents a specialized 
response to the mycorrhizal fungus, since no uninfected root has been found to possess 
an epidermal structure resembling that of mycorrhizas, nor has the structure been 
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duplicated by artificial treatment. Both colchicine and naphthaleneacetic acid cause 
a reduction in axial diameter comparable with that induced by the fungus , but only a 
small increase in radial diameter results (respectively 14 % and 20 % of increase due 
to fungus). 
There are other significant points about the phenomenon. The radial elongation 
occurs only in the region of the apex, differentiation being apparently complete about 
12 cells back from the apex. Intercellular penetration and formation of an Hartig net 
always accompany these epidermal changes and are never found in their absence. 
Intercellular penetration only commences when the elongation is substantially 
complete. These observations suggest that radial elongation of epidermal cells or 
TABLE J 
COMPARISON OF UNINFECTED AND MYCORRHIZAL EPIDERMAL CELLS 
ON DIFFERENT PARTS OF A SINGLE AXlS 
Origin of Mean Radial Mean Axial Mean Tangential 
Epidermal Diametert Diameter Diameter 
Cells (µ.) (µ.) (µ.) 
Uninfected root 8 ·5 41 ·8 15 ·4 
Mycorrhiza 23·6 18 ·6 15 ·3 
Difference + 15 · J*** -23·2*** -0· l (N.S.) 
*** Significant at O· l % level. N.S., not significant at this level. 
t This diameter is measured vertically to the root axis, not 
along the sloping side of the cell. 
associated changes in cell physiology and wall structure are a prerequisite for hyphal 
entry between the cells. The combined effect of radial elongation and Hartig net 
formation is to increase the area of contact between plant and fungal tissues along a 
given length of root by a factor of five to 10 times that in superficial mycorrhizas. The 
significance of this to processes of molecular exchange is obvious. 
JV. STMULATION OF MYCORRHIZAL STRUCTURE BY AUXINS 
Slankis, in a series of papers (1948-51), demonstrated that exudates of Boletus 
variegatus, indoleacetic acid (IAA), and naphthaleneacetic acid (NAA) all stimulated 
development of mycorrhiza-like dichotomous branching in pure cultured roots of 
Pinus sylvestris. Ulrich (I 960a) has since identified a variety of indole compounds 
including IAA in extracts of mycorrhizal fungi and learned something of their 
production and destruction in different species. It is possible, therefore, that auxins 
produced by mycorrhizal fungi in contact with the host root are responsible for 
producing and maintaining the characteristic form of mycorrhizas. However, the im-
pact of Slankis's work has been somewhat reduced by the failure of IAA to reproduce 
the phenomenon in Pinus !ambertiana (Ulrich 1960b) and the discovery by Barnes 
and Naylor (1959a, 1959b) that a wide variety of compounds induced dichotomy in 
• 
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Pinus serotina. Nevertheless Ulrich did show that a compound related to IAA, 
indole acetonitrile, stimulated development of dichotomous roots within 2 weeks 
under conditions which otherwise gave rise to them only after 6 months. Furthermore, 
she demonstrated the presence of high IAA oxidase activity in Pinus lambertiana 
which may well explain the failure of IAA to induce any morphogenic changes in 
that species. 
Since there is no record of similar researches on angiosperm trees, the following 
preliminary studies on NAA-induced changes in £. grandis roots are of interest. 
NAA was used initially because of its stability and solubility in water, which permitted 
it to be dissolved in nutrient solutions and applied to the root systems of whole plants 
growing normally in sand and perlite. Plants were watered for 3 weeks with a range 
of AA concentrations and at the end of that time compared with controls receiving 
TABLE 2 
COMPARISON OF UNAFFECTED A D APHTHALE EACETIC ACID-AFFECTED EPIDERMAL 
CELLS O DIFFERE T PARTS OF A SINGLE AXIS 
Origin o-f-- -I 
Epidermal 
Cells 
Unaffected root 
NAA-treated root 
Difference 
Mean Radial 
Diametert 
(µ,) 
8·5 
l l · 6 
+ 3 · l (N.S.) 
Mean Axial 
Diameter 
(µ,) 
36·2 
23·6 
- 12 ·6*** 
Mean Tangential 
Diameter 
(µ,) 
12 ·5 
18 ·3 
+ 5·8 (N.S.) 
*** Significant at O · l % level. N .S., not significant at this level. 
t This diameter was measured vertically to the root axis, not along the 
sloping wall of the cell. 
only the nutrients. It was found that at concentrations above I 0- 4M, root initiation 
and root growth were completely suppressed and disturbances manifested in the shoot. 
At concentrations between \0- 6 and I0- 7M (confirmed by more accurate observations 
in water culture) linear growth of exi ting roots was stimulated. At concentrations 
between lQ- 5 and I0- 4M the growing portions of the root system were changed quite 
dramatically into a form which satisfied the three main criteria of mycorrhizal 
morphology: decreased linear growth of roots, a 70- 100 % increase in the diameter 
of growing portions, and proliferation of numerous short side branches (Plate 2, 
Fig. 2). The only difference between this artificially induced system and a heavy 
mycorrhizal infection , resulted from the inclusion of large-diameter roots within 
the effect. 
An examination of the anatomy of the e NAA-affected roots was made from 
paraffin sections and cleared whole roots to enable a comparison to be made with 
unaffected roots. A general advance of differentiation upon cell production in the 
affected roots was found to be entirely consistent with the pattern found in mycor-
rhizal roots, but the two qualitative differences enumerated in the previous section were 
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not satisfied. No thickening of the cortex occurred, and although the epidermal cells 
of NAA-treated roots were found to be foreshortened along the axial diameter and 
slightly extended along the radial diameter compared with unaffected cells, these 
differences fall short of those induced by mycorrhizal fungi. The long axis of NAA-
treated epidermal cells is still parallel to the root axis like that of unaffected cells 
(Table 2). 
This behaviour of NAA-treated roots affords a striking confirmation of the 
validity of separating the two qualitative changes induced in mycorrhizas from the 
more general differences associated with decreased linear growth resulting from a 
variety of causes. The diameter increase of NAA-treated roots was due to hypertrophy 
of the cortical cells, which were four to five times as great in volume as untreated 
cells. Thus treatment with NAA failed to simulate the anatomical details character-
istic of mycorrhizal structure on two counts, while at the same time causing drastic 
changes in a tissue not vi ibly affected by fungal invasion. 
These observations on the effect ofNAA contribute little to a direct understand-
ing of mycorrhizas because NAA is a synthetic compound not found in plants or 
fungi, but they do emphasize one important point about the manner in which further 
understanding may be achieved. That is, simultaneous application of morphological 
and anatomical criteria to the investigation of naturally occurring morphogenic com-
pounds like IAA may permit conclusions to be drawn concerning their relevance to 
the generation of mycorrhizal structure; but it is clear that sound conclusions cannot 
be drawn from cau e and effect studies on root morphogenesis where results are 
judged entirely on the basis of morphological criteria. Fine root systems are mor-
phologically simple and are consequently capable of only a limited range of variation 
in response to alterations in the environment. Similar morphological responses may 
result from entirely different structural changes inside the root and so be misleading. 
For example, an increase in the diameter of mycorrhizal roots compared with un-
infected roots is seen to be due to radial elongation of epidermal cells and the develop-
ment of a fungal sheath, while a similar phenomenon in NAA-treated roots is due 
almost entirely to hypertrophy of the cortex. (Colchicine-treated roots also become 
distended in the tip region, in this case owing to the combined diameter increases 
of epidermis, cortex, and the stele.) 
Studies on Eucalyptus are being extended to evaluate the capacity of IAA and 
other natural morphogenic compounds to simulate mycorrhizal structure. 
V. G ENERAL Co cLus10 s 
These observations on the structure, distribution , and general behaviour of 
eucalypt mycorrhizas show them to be remarkably simi lar to mycorrhizas of European 
beech. As a basis for future work it is reasonable to a ume that what is generally 
true for one would also be so for the other. Compared with beech, Eucalyptus has 
the disadvantage that superficial mycorrhizas are rare, making it impossible to utilize 
them in the kind of excised root studies which depend upon being able to separate the 
fungal sheath from the host tissues. In compensation for this they possess the 
advantage of being evergreen with the ability to grow rapidly at any time of the year 
when moisture and temperature conditions are suitable, and the seed of most species 
C\I 
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may be readily sterilized for the production of sterile seedlings. The anatomy of 
eucalypt mycorrhizas is highly constant, and permits the recognition of two fungus-
specific host reactions which may be used as reliable criteria in attempts to simulate 
mycorrhizal structure with morphogenetic compounds. 
Eucalyptus also appears to be suitable as a subject for general studies on the 
ecology of the mycorrhizal phenomenon. Six hundred odd eucalypt species inhabit 
between then a wide range of climatic and edaphic environments, stretching between 
Mindanao and southern Tasmania. Most of these species occur as native stands in 
which the tree species and associated fungi may be presumed to reflect an equilibrium 
situation of long standing, and not a product of relatively recent human manipulations 
and chance contaminations which could be a significant factor in the European 
environment. The main limitation to studies of fungus-tree and fungus-site speci-
ficity resides in the incomplete taxonomic categorization of fungal species in these 
areas. There is reason to believe, however, that this problem may be partially circum-
vented by direct recourse to mantle structure and other hyphal characteristics for 
identifying the fungal component. This question will be dealt with separately later. 
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APPENDIX I gus-
late Species of Eucalyptus Known to form Mycorrhizas 
Listed According to Blakely's Series 
the 
I. EUDESMIEAE IX. SUBCORNUTA!l 
tenuipes gardneri 
bai/eyana wandoo 
II. M!NIATAE X. MICROCORYTHAE 
c/adocalyx 
XI. DUMOSAE 
III. TETRAPTllRAll accedens 
erythrandra desmondensis 
loxophleba 
um- IV. C ORYMBOSAll dundasi 
for tessellaris brachyca/yx 
ater. 
papuana ochrophylla 
perfo/iata kondininensis 
. 
V . CoR YMBOSAE-PELTATAll XII. ANISOMELEAE C\I 
trachyphloia 
~ hich po/ycarpa ~ 
the intermedia 0... 
watsoniana ~ 
0... 
citriodora 
maculata XIII. DECURVAll A 
VI. °TR.ANSVERSAE fa/cata ~ 
·v. of jacksoni XIV. (/) ELONGATAE H 
diversico/or 
....:l 
grandis+ ~ lated :=> 
saligna 0... 
botryoides var. platycarpa 
robusta XV. EXSERTAE 
resinfera morrisii 
pellita umbel/ala 
longifolia blakelyi 
cosmophylla dealbata 
parramattensis 
VII. 0BLIQUAE seeana 
griffithsii seeana var. constricta 
grossa camaldulensis+ 
rudis • VIII. CORNUTAE ti"\ 
lehmanni XVI. S UBEXSERTAE ~ gomphocephala+ alba ~ 
platypus ovata 0... ~ annulata camphora 0... 
spathu/ata 
XVII. MrCROCARPAE A eremophi/a 
nicholi ~ occidentalis 
astringens parvifo/iat (/) 
sargenti maculosa H 
....:l ord ~ 
:=> 
0... 
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APPENDIX I ( Continued) 
XVIII. GLOBULARES XXVIII. STEA TOXYLON 
dunnii microcorys 
stuartiana XXIX. PACHYPHLOIAE 
elaeophora wilkinsoniana 
cordieri 
rubida* 
yangoura 
da/rympleana 
ca/iginosa 
glaucescens 
/aevopinea 
gunniit 
macrorrhynchat 
cannoni 
urnigera t 
perriniana t 
scabra 
cordata 
sparsifo/ia 
pu/veru/enta 
ob/iqua 
fastigata 
megacarpa 
g/obulust 
regnans§ 
g/obulus var. compacta XXX. FRAXINALES 
bicostata giganteat 
maideni sieberiana 
goniocalyx fraxinoides 
11itens triflora 
XIX. SEMIU ICOLORES 
kybeanensis 
kitsoniana XXXI. LONGITUDINALES 
subcrenu/ata pauci/forat 
xx. V!Ml NA LES niphophi/a 
quadrangulata stellulata 
macarthuri mitchelliana 
smithii XXXII. PrPERITALES 
viminalis robertsoni 
huberiana salicifo/ia (hybrid)t 
XXI. ARGYROPHYLLAE radiata 
cinerea divest 
cepha/ocarpa cocciferat 
risdoni 
XXII. PANICULATAE andrewsi 
intertexta piperita 
cloeziana 
XXXIII. PSATHYROXYLA 
XXIII. DIVERSIFORMAE haemastoma 
diversifolia rossii 
todtiana 
patens XXXIV. MYRTIFORMES 
XXIV. O CCIDENT ALES 
deg/upta 
marginata XXXV. FRUTICOSAE 
XXV. 0 CHROXYLON 
guilfoylei 
XXVI. PSEUDO·STRINGYBARKS 
pilularis 
XXVII. WHITE MAHOGANIES XXXVI. SUBBUXEALES 
cornea decipens 
triantha odorata w 
in 
A 
CHILVERS AND PRYOR PLATE I 
STRUCTURE OF EUCALYPT MYCORRHIZAS 
Eucalyptus dives : tereo copic photograph of two pyramidal mycorrhizas terminal upon fine roots 
which branch from portion of a long root (bo11om) . ote the difference between the diameters of 
infected and uninfected portions of each axis and the presence of nurncrou fungal rhizomorph . x 25 . 
Aust. J. Bot. , 1965, 13, 245- 59 
CHILVERS A D PRYOR P LATE 2 
STRUCTURE OF EUCALYPT MYCORRH IZAS 
2 
Fig. I .-Eucalyptus radiata: tangential view of cleared whole cortica l cells in a longitudinal section 
of a mycorrhiza, howing thickening of radial and inner tangential wa lls. 1500. 
Fig. 2.-Euca/yptus grandis: si lhouette of an uninfected root sys tem treated for 3 week with a 
10 M M solution of naphthaleneacetic acid. atural size. 
Aust. J. Bot., 1965, 13, 245- 59 
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STRUCTURE OF EUCALYPT MYCORRHIZAS 
APPENDIX 
XXXVII. BUXEALES 
bicolor 
behriana 
microcarpa 
leptophleba 
oxypoma 
XXXVIII. SIDEROPHLO!AE 
nubilis 
rivularis 
argopholoia 
paniculata 
sideroxylon 
leucoxy!on 
XXXIX. MELLIODORAE 
melliodora 
XL. HETEROPHLO!AE 
polyanthemos 
XLI. ARIOAE 
* First recorded by Samuel (1926). 
t First recorded by Pryor (1956). 
:j: First recorded by Levisohn (1958). 
§ First recorded by Ashton (1956). 
I ( Continued) 
XLII. EREMOPHILAE 
cneorifolia 
XLIII. SUBULATAE 
squamosa 
longicornis 
oleosa 
transcontinentalis 
git/ii 
XLIV. LEPTOPODAE 
orbifolia 
websteriana 
drummondi 
XLV. CONTORTAE 
saubris 
XLVI. QUADRJCOSTATAE 
XLVII. XYLOCARPAE 
(The related Angophora costata and A. 
intermedia also form mycorrhizas.) 
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SOME DISTINCTIVE TYPES OF EUCALYPT MYCORRHIZA 
By G. A. CHILVERS* 
[Manuscript received August 14, 1967] 
Summary 
The method of characterizing mycorrhizal fungi according to mantle structure 
and hyphal features is briefly discussed in relation to other methods of identifying 
tree-fungus combinations and is shown to be complementary to them. The need to 
search for and apply as many criteria as possible when making distinctions, and 
conversely to refrain from erecting categories where there are insufficient data, is stressed. 
Comprehensive descriptions, adequately illustrated, are necessary. 
Eight distinctive types of eucalypt mycorrhiza are selected and described. Two 
features which do not appear to have been used elsewhere are shown to be valuable in 
making distinctions : the anatomy of fungal rhizomorphs, and the tissue structure of the 
mantle as revealed in plan view by cleared whole mounts. 
I. GENERAL D1scuss1o 
1968a 
An early stage in most fields of biology has been the identification, description , 
and classification of the basic units of study. It may seem surprising that after 80 odd 
years of mycorrhizal studies this apparently elementary aspect of the problem has not 
advanced very far. But there are some special obstacle , most of which stem from the 
fact that the fruiting structure providing the criteria utilized in fungal taxonomy 
rarely occur in contact with , or even in close proximity to, the mycorrhizas in which 
the fungi are partner . Moreover, because ectotrophic mycorrhizas seem generally 
imilar in structure and behaviour wherever they are found, most emphasis was 
directed toward studies of quantitative changes in mycorrhizal populations rather 
than to qualitative differences in the fungi involved . But the emphasis has changed 
during the last decade following a number of experiments like that of Moser (1956), 
who demonstrated that seedling of Larix decidua grew fa ter when infected by one 
fungus , Suil/us aeruginascens, than by another related species, Suillus grevillei. Such 
effects of fungus species on ho t performance, added to the long-standing and largely 
unresolved question of tree- fungus pecificity, make it important to define which 
fungus is involved in a particular mycorrhizal a sociation. 
* Botany Department, School of General Studies, Australian ational University, Canberra, 
A.C.T. 2600. 
Aust. J. Bot., 1968, 16, 49- 70 
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Trappe (1962) reviewed all known relationships and pointed out that among 
the agarics there seems to be some pecificity of fungus genus for tree genus. Equally 
there are many examples of fungus species found associated with a wide spectrum of 
tree species, the most extreme example being Cenococcum graniforme, which Trappe 
(1962, 1964) has listed as occurring on 250 species of trees from 40 different genera. 
The situation is confused and probably complex. Furthermore, most of the informa-
tion derives from two sources related only indirectly to the central object of study -
the mycorrhiza in the soil. These sources are (i) observations of fungal fruiting 
structures found in frequent association with trees, and (ii) pure culture syntheses 
made with mycelia isolated from such fruiting structures. The first provides only 
presumptive evidence for mycorrhizal involvement unless hyphal connections can be 
traced between the fruiting structures and mantle tissues, a tedious procedure now 
infrequently used. The second is more rigorous and, if a positive result is obtained, 
provides clear experimental proof of the ability of a fungus to form mycorrhizas. 
It does not prove that they are commonly formed in the normal soil environment. 
In the first place, all competitive factors are excluded from the pure culture experi-
ment; secondly, the fungus is supplied at a high inoculum potential (generally a 
well-nourished mycelium); and thirdly, the plant is usually growing under artificially 
restrictive conditions. Nevertheless the combination of both sources of information , 
i.e. fruiting structures developing frequently in the vicinity of trees together with 
proven ability to form mycorrhizas in the absence of other organisms, is a potent 
argument for considering a particular fungus to be an important mycorrhiza-former 
in the soil. 
In recent years, an increasing number of fungal isolations have been made 
direct from the mantle of mycorrhizas derived from the soil (e.g. Zak and Bryan 1963), 
and in time these should provide valuable complementary information . At present, 
however, direct isolation techniques yield a relatively low percentage of successful 
isolations; it is difficult to determine whether an isolate is in fact the one responsible 
for the mycorrhiza (ideally a resynthesis should be arranged as a confirmation); and 
difficult to establish the formal taxonomic identity of the isolate, which involves 
coaxing fruit bodies from it or identifying it with a known mycelium. Like pure 
culture synthesis, this approach is very time-consuming, and this severely restricts 
the number of soil mycorrhizas which can be evaluated. Its main merit seems likely 
to be in evaluating other techniques - for instance, determining the real va lue 
of fruiting structures above ground as a guide to the activity of species under it. 
The final approach, the last to gather momentum, is the most direct. In this the 
identification and classification of mycorrhizas is ba ed on microscopic examination 
of the actual mycorrhiza itself. This is possible so far as mycorrhizas possess a 
distinctive tissue organization of the mantle, and differences in hypha l structure and 
pigmentation, which can be used as taxonomic criteria. Dominik (1956, 1959) gave 
the main impetus to this approach when he published a key distinguishing 53 "genera" 
of northern European mycorrhizas according to these criteria. His emphasis was 
towards a comprehensive classification, and many "genera" were distinguished from 
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each other by single criteria only. The survey apparently covered a large number 
of tree genera and species. Other workers set themselves the more modest task of 
categorizing mycorrhizal types found on a single species or small related group of 
species, and generally provided more comprehensive descriptions than Dominik ; 
for example, Marks (1965) described some mycorrhizas from Pinus radiata in 
Australia, and Anderson (1966) described a number from Eucalyptus grandis growing 
in Italy. 
The great advantage of this approach is that relatively large numbers of 
mycorrhizal branches can be subjected to rapid microscopic examination and 
categorization; hence qualita tive as well as quantitative ecological surveys can be 
made upon soil mycorrhizas. Two major problems, however, arise from the limited 
number of criteria used in distinguishing mycorrhizal types : (i) to relate the 
mycorrhizal type to a formal taxon, as defined by fruit body characteristics; (ii) to 
cope with the fact that certain mycorrhizal configurations may be formed by more 
than one species of fungus . A long-term objective must be to "calibrate" this 
approach by using it in conjunction with the more time-consuming techniques 
to identify the mycorrhizal types and judge of their uniqueness. In the meantime, 
it is not imperative to make a formal taxonomic identification of a fungus before 
useful conclusions can be drawn from its patterns of distribution in relation to tree 
species and environmental variables; but as many criteria as possible must be sought 
and applied to the delineation of mycorrhizal types, and conversely, restraint must 
be exercised in erecting categories where criteria are few. Also, the value of a criterion 
should be judged in terms of its variability among large numbers of mycorrhizas, 
preferably over a range of environmental conditions. For example, the thickness of 
the mantle is always variable, with a large overlap from type to type, so that at best 
it can supply only supplementary data . By contra t, the detailed structure of 
"cystidia" in types which possess them shows limited variability, and can be favourably 
compared with the type of criterion used to define form species of imperfect fungi . 
In short, normal taxonomic principles should be applied to their limit, so that 
mycorrhizal "types" which are defined may coincide with natural taxa of the causal 
fungi. Even where a type does not coincide with a single fungal species, it will at 
least refer to a group of closely related species. Moreover, a powerful compensating 
factor operating in the classifier's favour is that the total population of fungi being 
sampled is relatively small, being limited to forms capable of forming ectotrophic 
mycorrhiza's. For a imilar reason Marks and Anderson are on safer ground than 
Dominik with their mycorrhizal types, having adopted much smaller fields of study. 
One or two closely related tree species are likely to possess fewer symbionts, if any 
degree of specificity operates at all. Finally, it i obvious that if this approach is to be 
u ed more widely, descriptions of distinctive mycorrhizal types need to be accorded 
something like the attention normally devoted to a form species description ; and in 
particular, they require informative illustrations. 
This paper sets out to provide comprehensive de criptions of eight types of 
Eucalyptus mycorrhiza found originally in the native forests of the southern table-
land s of New South Wales. Numerous more or less distinct mycorrhizal types have 
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been examined over the last few years, but only the most distinctive and common 
types have been elected for description here. The e all differ according to several 
easily recognized criteria of low variability. In making these descriptions, fresh 
material was first viewed under a stereomicroscope to determine colour, general 
morphology, and the appearance of outgrowing hyphae or rhizomorphs; then 
thin sections cut from mycorrhizas embedded in paraffin wax, and whole mycorrhizas 
cleared in lactophenol , were used to study anatomical detail. It was found that 
cleared material revealed most of the details of mantle structure seen in paraffin 
sections, showed less distortion (very slight swelling compared with substantial 
shrinkage in the sections), and was much more quickly prepared. In making 
subsequent identifications, fresh and cleared whole mycorrhizas were found sufficient. 
Two features proved very valuable in making distinctions: the organization of 
the mantle tissue as seen in plan (i.e. a view straight down upon the surface), and 
the structure of the associated rhizomorphs . 
Plan views were obtained exclusively from observations on cleared material. 
A number of clearing techniques were tried but none showed any advantage over 
heating in clear lactophenol. Sometimes a preliminary bleaching in 50% "Milton" 
was found helpful, especially for dark-coloured hyphae. Low contrast photographs 
were taken of the mantle surface by using low light intensities operating through an 
open condenser diaphragm to produce a very narrow in-focus range. Where there was 
excessive interference from deeper tissues, tangential slices were cut from the outside 
of the mycorrhiza and used instead of the whole organ. Line drawings were traced 
from enlarged prints. Taken together with information derived from the sections, 
these plan views permit the tissues of the mantle to be defined more precisely than 
in the past. 
The following terminology is used in referring to mantle structure. Prosenchyma 
is used in the mycological sense to describe a moderately compact. tissue in which the 
hyphal elements can be distinguished clearly, and interhyphal spaces may be relatively 
large. Synenchyma denotes any thoroughly compacted ti ssue with little obviou 
interhyphal space, in which the hyphal basis is difficult or impossible to discern. 
Becau e these terms are too general as they stand, each is subdivided to give a total of 
four terms which are adequate to describe most of the tissues ob erved. 
Felt prosenchyma consists of sparingly branched hyphae with long "cells", 
generally similar in appearance to individual hyphae of the same fungus growing 
in the soil (Fig. 6e) . Net prosenchyma consists of shorter-"celled" hyphae branching 
frequently at wide angles. These hyphae are often slightly wider than individual 
hyphae, and may bulge out a little between septa to produce a rather beaded appear-
ance (Fig. 3e). i rregular synenchyma usually consists of wide hyphae subdivided 
into short cells and is probably frequently branched, but the degree of branching and 
to a large extent the identity of the constituent hyphae are impossible to resolve 
owing to the dense compaction. Seen in plan, the walls are sinuate and the overall 
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appearance is reminiscent of a jig aw puzzle (Fig. 5d). Regular synenchyma consists 
of approximately isodiametric cells with fairly straight walls. This is equivalent to 
pseudoparenchyma - a term which is avoided in these descriptions because irregular 
synenchyma, and even the more compact pro enchyma tissues, may look pseudo-
parenchymatous in cross section and may have been so described by authors who 
restricted observations to this plane. 
These terms do not denote hard and fast categories, but rather the more obvious 
stages in a series varying continuously from the more elementary types of tissue to 
the most coherent. For instance, net prosenchyma and irregular synenchyma frequently 
occur together in the same mantle, showing a gradual transition from open net 
prosenchyma on the outside to compact irregular synenchyma within. Distinct 
layer of fungal tissue separated by a sharp discontinuity are relatively rare, and 
usually the hallmark of a "pseudomycorrhiza" in which the primary mycorrhizal 
fungus has been overlaid by a secondary invader. 
Rhizomorphs were found on all but one type of mycorrhiza , ranging in structure 
from a simple, compact bundle of hyphae arranged in parallel (Fig. 3h) to complex 
ornamented structures with tissue differentiation (Fig. 61). As well as helping to dis-
tingui h the mycorrhizas, rhizomorphs which are distinctive in their own right can 
be u ed to trace the di stribution of a fungus through the soil. 
In the following descriptions, unless otherwise stated, the general features 
of eucalypt mycorrhizas described in a previous paper (Chilvers and Pryor 1965) 
can be assumed to be present. Most of the colours described are due to hyphal 
pigmentation, and refer to young or mature mycorrhizas. Independently of this, 
most mycorrhizas darken progressively with age owing to the accumulation of tannin 
deposits in the epidermal cells. Tannin deposition commence close to the apex even 
in young mycorrhizas, and some more tran parent mantles permit this colour to show 
through at an earlier tage than others. References to plant-ba ed pigmentation are 
confined to this type. 
ll. DESCRIPTIONS OF MYCORRHIZAL TYPES 
Euca/ypt Mycorrhiza Type 1 
Appearance under Stereomicroscope (Fig. la).-Mycorrhizas glossy black in 
reflected light, usually occurring as si ngle terminal branches O · 5- 1 · 5 mm in 
length but one or two side branches may be formed ; pyramidal sy terns never occur. 
Thick, straight, unbranched, black hyphae radiate from the mycorrhizal surface ; 
twisted hyphae grow along the su rface of long roots and attach to the mantle near 
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Fig. 1.- Eucalypt mycorrhiza type J. a, Habit study of mycorrhizas, spherical sclerotia, 
and associated hyphae. b, c, Transverse and longitudinal sections through mantle and 
adjacent ti ssues. d, e, f, Different surface arrangements of mantle hyphae. g, Hyphae 
from the soi l ; superficial and sectional views. 
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the base of mycorrhizal branches. In the soil, single hyphae range widely; 
occasionally loose hyphal strands are formed but never coherent rhizomorphs . 
Spherical black sclerotia, 0 · 2- 2 mm in diameter, are scattered through the soil 
adjacent to mycorrhizas. 
Mantle Structure.-Mantle typically 20-30 µ, thick ; wholly composed of 
regular synenchyma tissue ; very darkly pigmented near surface, becoming paler 
with depth. Surface hyphal elements are large, of diameter 5- 10 µ, (mostly 6-8 µ,), 
with thick walls often exceeding I µ,. Hyphae adjacent to epidermjs may be much 
smaller, 2·5-4µ, in diameter, with thin walls less than 0·3µ,. Intermediate hyphae 
are graded in size (Figs. lb, l e). The pattern of surface hyphae seen in plan ranges 
from a mosaic of isodiametric cells (Fig. Id) to parallel lines of elongate "cells" 
up to 35 µ, long (Fig. If), but most characteristically consists of clusters of iso-
diametric cells surrounded by radiating bundles of elongate cells (Fig. le). 
Hartig Net.-Typically consists of small-diameter (2-3 µ,), thin-walled hyaline 
hyphae (Figs. lb, le) . 
Outgrowing Hyphae and Hyphae in the Soil (Fig. Jg).-Hyphae appear bronze 
or purple under transmitted light. Diameters range from 3 to 6 µ, (mostly 4-5 µ,) 
and total wall thickness approaches I µ,. Hyphae leaving the mantle fall within 
the ame size range as those further out in the soil but the mean diameter is frequently 
greater, e.g. 5 µ, compared with 4-5 µ, , and they may possess irregular bulbous 
swellings near the point of origin (Fig. lb) . The hyphae are punctuated by simple 
septa at intervals of c. 50 µ,. The hyphal wall resolves into two layers, the true 
wall and an outer secreted sheath , the latter present sometimes only as irregular 
lump or ridges instead of a continuous sheath. 
Sc/erotia. - Consist of angula r, more or less isodiametric "cells" containing 
prominent oil droplets; cells typically 5-8 µ, in diameter. 
Causal Fungus.-Cenococcum gran(forme (Sow.) Ferd . & Winge. 
Comments.- Mycorrhizas caused by Cenococcum graniforme have been described 
before but are included here for completeness and because illustrated descriptions are 
not readily available. Moreover, it appears that considerable confusion still exists 
regarding the subdivi ion of black mycorrhizas, Dominik adopting an extreme 
position by recognizing ix "genera", Ah , Fh, Ga, Ka, Kb, and Kc, of which only 
Kb is attributed to Cenococcum graniforme. The illustration for Kb shows a cross 
section most unlike any mycorrhizas caused by this fungus on Eucalyptus. By com-
parison, his illustration of Ga closely resembles the cross section in Figure lb. Again, 
he makes pecial reference to "ne ts" distinguishing Kc from Kb which probably 
refers to the distinctive arrangement hown in Figure Id, yet on Eucalyptus this is 
• 
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Fig. 2.-Eucalypt mycorrhiza type 2. a, H abit study of mycorrhizas and associated 
rhizomorphs. b, c, Transverse and longitudinal sections through mycorrhizal mantle 
and adjacent tissues. d, Surface view of mantle hyphae. e, Surface view of rhizomorph. 
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especially typical of Cenococcum graniforme. In the light of this sort of contradiction 
it may be unwise to maintain these as separate categories, based as they are on so 
few criteria. In Eucalyptus the only distinction which has been made is the long-
standing one between Cenococcum granfforme and the "pseudomycorrhizal" 
Mycelium radicis atro virens which Dr. Trappe of the United States Department of 
Agriculture Forest Service very kindly clarified for me. Some of the material used 
in this description wa actually identified by him; the rest was confirmed by the 
presence of sclerotia upon which the form species identification of Cenococcum 
graniforme is based . 
Eucalypt Mycorrhiza Type 2 
Appearance under Stereomicroscope (Fig. 2a).-Mycorrhizas occur as open 
pyramidal systems containing up to 50 apices and appea r pa le translucent yellow 
under reflected light. Hyphal outgrowths from the mantle are rare but smooth 
rhizomorphs are always present, frequently growing along the surface of long roots 
and connecting with the mantle at the base of mycorrhizal branches. Sometimes a 
tringy growth of hyphae may surround the long roots also. 
Mantle Structure.-Mantle typically 30-40 µ thick ; composed of large-
diameter (5-10 µ, mostly 6-8 µ) hyphae throughout most of its depth (Figs. 2b, 2c). 
Outer layers formed of compact felt prosenchyma becoming irregular synenchymatou 
with depth . The hyphal walls are quite thin , not exceeding O· 3 µ, but liberally 
ornamented with hard glassy spheres of secreted material , 0 · 2-4 µ (mostly 1-2 µ) 
in diameter. This is seen most clearly at the surface of the mantle (Fig. 2d). Hyphae 
are subdivided into short "cells" between 15 and 25 µ long, by septa containing 
prominent dolipores di cernible with the light microscope ; clamp connections, 
however, are absent. 
Hartig Net.-Consists of thin hyphae, 3- 4 µ in diameter. 
Rhizomorphs and External Hyphae.-Rhizomorph range up to 120 µ in 
diameter. All the larger rhizornorphs have the surface appearance illustrated in 
Figure 2e, with bead-like rows of distended hyphal "cells". (Occasionally the 
mantle urface of older mycorrhizas may look imilar to this). Spherical globules 
are di tributed all over the hyphal surfaces. There is no tissue differentiation within 
the rhizomorphs, and clamp connections are absent. The smaller rhizomorphs 
consist of parallel-sided hyphae, identical with individual hyphae in size and 
appearance (diameter 3 · 5-5 · 5 µ). 
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Fig. 3.- Eucalypt mycorrhiza type 3. a, Habit study of mycorrhizas with outgrowing 
hyphae. b, An outgrowing hypha and some "cystidia", showing details of their origin. 
c, d, Transverse and longitudinal sections through mycorrhizal mantle and adjacent 
tissues. Large numbers of "cystidia" are shown growing out from the mantle, together 
with a few of the characteristic hyphae. e, Surface view of mantle, showing net prosen-
chyma tissue. f, Irregular synenchyma tissue within mantle. g, Compact parallel prosen-
chyma tissue adjacent to the epidermal cell layer. h, Surface view of rhizomorph. 
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Eucalypt Mycorrhiza Type 3 
Appearance under Stereomicroscope (Fig. 3a).-Mycorrhizas are glistening 
white at the apex, maturing to a golden brown colour some distance further back. 
They occur as open pyramidal systems containing up to 30 apices. The mantle 
surface is covered with a large number of pin-shaped "cystidia" (approx. 4000 per 
mm2 of surface), and fairly straight, unbranched golden brown hyphae grow out 
between them. These hyphae are coloured, even when growing from a young 
hyaline section of the mantle. They may be few or numerous, relatively short or 
forming long tangled masses about the mycorrhizal cluster. 
Mantle Stru,ture.-The mantle structure is complex (Figs. 3c-3g) and may 
exhibit up to three tissue arrangements at various depths within it. The surface 
layers consist of a net prosenchyma of fine (2-4 µ, diameter), thin-walled hyphae 
bearing frequent clamp connections (Fig. 3e). Further down, this merges into an 
irregular synenchyma of larger hyphae (3 · 5-6 · 5 µ, diameter) in which clamp 
connections, if present, cannot be distinguished (Fig. 3!). Sometimes this gives way 
to a further layer of fine hyphae in a compact parallel arrangement, just above the 
epidermal layer (Fig. 3g). The whole forms a mantle 18- 30 µ, thick. 
Hartig Net.- Consists of very fine hyphae (l ·5-2·5 µ, diameter) . 
"Cystidia".-Pin-shaped structures, with sma ll obovate heads, 2 · 5 by 3 · 5 µ,, 
terminal upon a thin stalk 8- 12 µ, long, and tapering from 2 µ, at the base to O · 5 µ, 
near the head . The stalk, which may be straight or slightly curved, arises sub-
terminally about 2 µ, from the end of a blunt hyphal branch (Fig. 3b). They are 
typically hyaline and are produced right up to the apex of actively growing 
mycorrhizas. 
Outgrowing Hyphae.- These arise in exactly the same manner as "cystidia" 
(Fig. 3b) , but there is no evidence to suggest that one develops into the other. They 
are smooth, 2 · 5-3 · 5 µ, wide, have thicker walls than adjacent mantle hyphae, 
and bear prominent clamp connections at c. 85 µ, interval . Golden brown in reflected 
light, they appear pale amber with transmitted light. They are typically straight 
and unbranched in the region of the mycorrhiza . 
Rhizomorphs (Fig. 3h).-The e are not very common and are generally less 
than 15 µ, in diameter. They exhibit no tis ue differentiation and consist of fairly 
traight hyphae, slightly narrower (2-2 · 5 µ, diameter) than the individual hyphae 
growing from mycorrhizas. 
Eucalypt Mycorrhiza Type 4 
Appearance under Stereomicroscope (Fig. 4a).- Open pyramidal system of 
branches are formed and contain up to 50 apice . Under low magnification the 
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Fig. 4.- Eucalypt mycorrhiza type 4. a, Habit study of mycorrhizas and associated 
rhizomorph . The one on the left shows the main root escaping from fungal mantle 
(this is not a special feature of this type of mycorrhiza). b, "Cystidia" and short curled 
hyphae, showing variation and origins. c, d, Transverse and longitudinal sections 
through the mycorrhizal mantle and adjacent tissues. e, View of "cystidial" layer from 
above. f, Surface view of mantle, showing felt prosenchyma tissue. g, Surface view 
of rhizomorph. 
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mycorrhizas have a roughened appearance and are typically opaque yellow to salmon 
pink in colour, but range from near-white to a bright reddish orange. Under higher 
magnification the mantle hyphae can be seen to be almost concealed by a dense 
growth of squat "cystidia" (up to 16,000 per mm2 of surface) which in turn are 
frequently overlaid by a mass of short, curled hyphal outgrowths. These fungal 
structures are basically pale yellow in colour, and the overall colour variation is 
seen to result from differing amounts of an opaque, brick red incrusting material 
formed in particular abundance upon the surface of the outgrowing hyphae. A 
few longer hyphal outgrowths straggle around the mycorrhiza ; these are rarely 
present in large numbers . A moderate number of thin rhizomorphs are usually 
associated with these mycorrhizas. 
Mantle Structure (Figs. 4c-4f).-This is complex and generally similar to that of 
type 3, the most notable difference being the complete absence of clamp connections. 
From the surface inwards, "cystidia" are often so numerous that they form a loose 
palisade tissue (Figs. 4c, 4e), overlying a brief felt prosenchyma (Fig. 4f). which 
gives way to net prosenchyma _and in turn to irregular synenchyma; a distinctive 
inner layer of thin parallel hyphae has not been seen. Outer hyphae range in width 
from 2 to 4 µ. (mostly 2 · 5- 3 · 5 µ.); synenchyma hyphae are 3-5 µ., narrower than 
those of type 3. The hyphal portion of the mantle may be thinner than in type 3 
(12- 28 µ.) but the "cystidial" layer contributes 15- 20 µ. to this and the whole 
mycorrhiza consequently appears fatter. Although clamp connections are absent, 
paired, presumably dikaryotic, nuclei are the rule, and dolipore septa, typical of 
the Holobasidiomycetidae, can just be discerned under the light microscope. 
Hartig Net.- Consists of narrow hyphae, 2- 4 µ. in diameter. 
"Cystidia" .- Obpyriform to obclavate, variable within the range illustrated 
by Figure 4b. Length 14-23 µ., width 4-8 µ. at the widest part (mostly 6-7 µ.), 
tapering to less than 2 µ. at the tip. About half of them typically bear a small 
spherica l to ellip oidal extrusion from the apex. Their origin in surface hyphae 
is variable: intercalary, ubterminal, and terminal forms are all encountered on 
the one mycorrhiza . 
Outgrowing Hyphae (Fig. 4b).-The numerous short (20-50 µ.), curled hyphae 
grow out from a bulbous base having the ame general shape and dimensions as a 
"cystidium". This suggests that they may arise as extensions from the "cystidia", 
especially as mycorrhizas bearing the largest numbers of curled hyphae frequently 
have fewer "cystidia" than those without. Hyphae are of diameter 2- 3 µ., with 
septa dividing them into ection 15- 30 µ. long. A few much longer hyphae u ually 
accompany these, growing out into the oil environment or straggling around the 
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100 ,. (b- f) 
Fig. 5.-Eucalypt mycorrhiza type 5. a, Habit study of mycorrhizas, outgrowing 
hyphae, and rhizomorphs. b, Surface view of rhizomorph and some individual hyphae. 
c, Portion of an older hypha heavily encrusted with papillae. d, Surface view of mycorr-
hizal mantle, showing irregular synenchyma tissue. e, f, Transverse and longitudinal 
sections through mycorrhizal mantle and adjacent tissues. 
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mycorrhiza. The characteristic incrustations dissolve during the process of clearing 
in lactophenol to leave smooth-surfaced hyphae. 
Rhizomorphs (Fig. 4g).-These are more common and rather larger than 
those of type 3 (up to 30 µ, in diameter). The hyphae composing them are of very 
constant diameter (c. 2 µ,) but exhibit a rather wavy growth pattern. Septa are 
frequent and occasional "cystidia" project from the rhizomorph. No tissue 
differentiation occurs. 
Eucalypt Mycorrhiza Type 5 
Appearance under Stereomicroscope (Fig. 5a).-Mycorrhizas are opaque 
mustard yellow to yellow-brown in colour and form open pyramidal systems, typically 
containing up to 30 apices although larger systems have been found occasionally. 
Usually they are enveloped in a loose weft of thick , twisted, much-branched hyphae 
of the same colour. Rhizomorphs, also surrounded by straggly hyphae, are usually 
prominent. 
Mantle Structure (Figs. 5d-5f).-Thjs normally consists of a single, more 
or less homogeneous layer of irregular synenchyma tissue, 15-35 µ, thick and woven 
from very large-diameter hyphae, 5- 16 µ, (mostly 7-10 µ,). The hyphae are quite 
heavily pigmented but have relatively thin walls for their size (less than O · 4 µ,), 
which accounts for their yellow rather than brown appearance in reflected light. 
Occasionally a brief net prosenchyma overlies this. 
Hartig Net.-Consists of hyphae 2-5 µ, in diameter, discontinuous and often 
irregular in appearance. 
Outgrowing Hyphae and Hyphae in the Soi/.-These are 4-8 µ, in diameter 
(mostly 4-5 µ,), branched frequently at right angles, and bear numerous prominent 
clamp connections. Clamp connections are typically 80-90 µ, apart but appear clo e 
together near the junction of a branch (Fig. 5b) . Mo t hyphae appear pale brown 
under transmitted light, but ome older ones become very dark , appearing to be 
covered by a continuous sheath of secreted material. Numerous irregular papillae, 
about 2 µ, long, project from these older hyphae (Fig. 5c). 
Rhizomorphs (Fig. 5b).- These range up to 70 µ, in size but show no tissue 
differentiation. They con ist of wide hyphae, 4-8 µ, in diameter (mostly 5-6 µ,), 
with frequent clamp connection . Hyphae are pale brown and frequently wavy 
or twisted. 
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100 1, (c r) 
Fig. 6.- Eucalypt mycorrhlza type 6. a, Habit study of mycorrhizas and associated 
rhizomorphs. b, Surface view of rhizomorph, showing the prolific development of 
curled setae. c, d, Transverse and longitudinal sections through the mantle and adjacent 
tissues. e, Surface view of mantle, showing felt prosenchyma tissue. f, Transverse 
section through rhizomorph, showing subdivision into large inner hyphae and smaller 
external hyphae from which the setae develop. 
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Eucalypt Mycorrhiza Type 6 
Appearance under Stereomicroscope (Fig. 6a).-Mycorrhizas opaque white, 
fluffy in appearance, and typically consisting of open pyramidal systems of branches 
containing up to 20 apices. Large numbers of very wide, fluffy rhizomorphs are 
always associated with them, growing along the long roots and connecting with the 
base of the mantle on mycorrhizal branches, and also ranging widely through the 
soil. The rhizomorphs are white, the larger ones lightly pigmented yellow in patches. 
Mantle Structure (Figs. 6c-6e).-Mantle 17-25 µ, thick, cons1stmg of 
moderately loose felt prosenchyma throughout. Hyphae narrow, 2- 5 µ, in diameter 
(mostly 3-4 µ,), bearing numerous prominent clamp connections. 
Hartig Net.-Consists of thin hyphae, 1 · 5-2 · 5 µ, in diameter. 
Rhizomorphs.-Rhizomorphs are large, ranging up to 200 µ, in diameter, 
and covered all over with curved, branching setae, 60-80 µ, long (Fig. 6b). Cross 
sections (Fig. 6/) reveal a complex structure; several layers of thin hyphae (3-4 µ,) 
surround a number of very wide hyphae, 7-10 µ, in diameter. Setae arise from 
the outer hyphae, usually with a basal clamp connection, and taper rapidly down to 
2-2 · 5 µ, diameter, thereafter more gradually to about 1 · 5 µ, at the rounded tip. Setae 
have extremely thick walls, with a lumen tapering rapidly to less than 0· 1 µ, in 
diameter. 
Causal Fungus.-Hypogean fruit bodies are found in frequent association 
with mycorrhizas of this type. Rhizomorphs arise laterally from these fruit bodies, 
and connections between these and the mycorrhizas have been traced on numerous 
occasions. The individual fructifications are irregularly spherical in shape, range 
up to 3 cm in diameter, and are coloured white with pale yellow patches. They have 
a thick peridium (0 · 5-2 mm) consisting of dense felt prosenchyma, enclosing a hard 
compact mass of large (20 µ, diameter) globose spores individually dark brown in 
colour but appearing black in mass. Dr. R. F. R. McNabb, of the ew Zealand 
Department of Scientific and Ind us trial Research, very kindly identified these as corre -
ponding to Octaviana densa (Rodway) G. H. Cunn. sensu Cunn. 
Eucalypt Mycorrhiza Type 7 
Appearance under Stereomicroscope (Fig. 7a).-Mycorrhizas occur in various-
sized pyramidal systems, but especially typical are large complex systems containing 
• 
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Fig. 7.- Eucalypt mycorrhiza type 7. a, Habit study of mycorrhizal cluster largely 
concealed by dense tufts of outgrowing hyphae. b, Surface view of rhizomorph and 
two individual hyphae. The hypha on the right is beaded with hemispherical globules. 
c, d, Transverse and longitudinal sections through the mantle and adjacent tissues of the 
mycorrhiza. Intracellular hyphae and chlamydospores are shown. e, Typical surface 
view of mantle, showing dense felt prosenchyma. f, Occasional appearance of mantle 
surface. 
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up to 100 apices, the whole cluster largely obscured by a dense tufted outgrowth of 
straight white hyphae. The mycorrhizal branches are straight (in contrast to 
mycorrhiza type 8) and the whole system appears to radiate stiffly from a common 
point of origin. Where they can be glimpsed through the dense growth of hyphae, 
the mycorrhizal branches are glistening white when young, becoming pale brown as 
tannin deposits develop in the epidermal cells and contribute their colour via the 
translucent sheath. Often soil is bound up among the hyphae to form more or less 
coherent "nodules" with the mycorrhizal clusters. 
Mantle Structure (Figs. 7c-7/).-Mantle is 15- 25 µ thick, consisting of very 
compact felt prosenchyma overlying irregular synenchyma tissue. The difference 
between these layers is probably more apparent than real, since hyphal walls become 
thinner with depth, making it harder to trace hyphal elements ; little change occurs in 
hyphal diameter. Surface hyphae are typically narrow, 3-4 µ wide, with walls up to 
0 · 7 µ thick (Fig. 7e). Occasionally this is overlain by a thin layer of much more open 
tissue composed of very irregular hyphae, wider (up to 6 µ) and with thicker walls 
(over 1 µ), as illustrated in Figure 7f A particularly distinctive, if minor, feature 
of this latter tissue is that the hyphal compartments on either side of a septum are 
frequently offset in relation to one another. The first septum of an outgrowing 
hypha sometimes has the same appearance (Fig. 7d). No clamp connections or 
doLipore septa have been recognized. 
Hartig Net.-Consists of thin-walled hyphae, 2-3 µ in diameter. 
Intracellular Penetration.-Cortical cells are frequently seen to be packed 
with thick-walled hyaline structures having the general appearance of chlamydospores 
(Figs. 7c, 7d). In section these are more or less square to rectangular in shape, 
5- 12 µ (mostly 7-10 µ) across, with walls 1-2 µ thick. Occasionally similar structures 
appear in epidermal cells, but these, although larger, rarely fill the cells (Fig. 7c). 
Sometimes, too, thin-walled hyphae are seen growing through cells (Fig. 7d). 
Outgrowing Hyphae and Rhizomorphs (Fig. 7b).-Outgrowing hyphae are wider 
than mantle hyphae as a result of greatly thickened walls, up to 2 µ thick. This 
thickening is to some extent due to a secreted sheath outside the wall proper, since 
a few hyphae are always present which have thinner walls, are narrower, and possess 
a large number of hemi pherical beadings (3-4 µ long) along the surface, no doubt 
where the secreted material has failed to coalesce into a continuous sheath. 
Typically the hyphae are irregularly bulbous over the first 20 µ of length. Elsewhere 
the individual hyphae are straight and parallel-sided. Prominent septa divide them 
into segments of variable length (10-80 µ). Simple undifferentiated rhizomorph 
up to 40 µ in diameter consist of similar hyphae but slightly narrower and rather 
wavy. 
• 
68 G. A. CHILVERS 
Fig. 8.-Eucalypt mycorrhiza type 8. a, Habit study of a mycorrhizal cluster and some 
associated rhizomorphs. Note the characteristic twisted appearance of the mycorrhizal 
branches. b, c, Transverse and longitudinal sections through mantle and adjacent tissues. 
d, Surface view of mantle, showing a few thin hyphae overlying the net prosenchyma tissue. 
e, Plan view of irregular synenchyma tissue deeper within mantle. f, g, External view and 
longitudinal section through rhizomorph to show distribution of large and small hyphae, 
vesicles, and surrounding weft. 
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Eucalypt Mycorrhiza Type 8 
Appearance under Stereomicroscope (Fig. 8a).-Mycorrhizas occur in their most 
characteristic form as complex pyramidal systems containing up to 200 apices, 
with mycorrhizal branches twisted and woven into a compact cluster. Soil particles 
are rarely incorporated into such clusters. The mycorrhizas do not possess a common 
sheath like Dominik's subtype J (the nodular mycorrhizas of other writers), and 
because of the way in which branches curl back upon one another and conceal many 
of the apices, they also appear quite unlike the coralloid mycorrhizas of pines. The 
particular configuration appears not to have been previously described. Smaller 
clusters occur, and even when these a re more open the mycorrhizal branches sti ll 
exhibit this distinct curling. The surface of the mycorrhizas is typically opaque, 
finely fluffy , with a pale pink colour due to the reddish contents of epidermal cells 
showing through the mantle. Rhizomorphs are moderately common, running over 
the mycorrhizal clusters and ranging through the soil. 
Mantle Structure (Figs. 8b-8e).-Mantle is 15-25 µ thick, cons1stmg of a 
brief net prosenchyma overlying irregular synenchyma tissue. Synenchyma is of 
thin-walled elements, 5-10 µ wide (Fig. 8e). Net prosenchyma hyphae are 
3- 5 µ wide, with wall s pinched in slightly at septa. Net prosenchyma merges into 
a light weft of thinner hyphae, 2-4 µ wide, which surrounds the mycorrhizas 
(Figs . 8b, 8d). No clamp connections occur, but dolipore septa can just be di s-
tinguished under the light microscope. The cytoplasm is densely speckled throughout 
with small (less than O · 3 µ) refractile drops. 
Hartig Net.-Slightly irregular, consisting of thin hyphae, c. 2 µ diameter. 
Rhizomorphs (Figs. 8/, 8g).- Complex rhizomorphs up to 60 µ. in diameter 
consist of an inner layer of mixed wide (7-lO µ) and narrow (2 · 3- 3 · 5 µ) hyphae, 
and an outer layer of narrow (2 · 5- 4 µ) hyphae only. The outer layer merges with a 
loose weft of twisted , branching hyphae which surrounds the rhizomorph. The 
large internal hyphae are typically narrowed at the septa, like those in the net 
prosenchyma. At intervals along the rhizomorph, bundles of vesicles occur (up 
to 20 µ in diameter). These have also been seen occasionally on the mycorrhizal 
mantle. Again the cytoplasm is densely speckled with small refractile drops. 
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LOW-POWER ELECTRON MICROSCOPY OF THE 
ROOT CAP REGION OF EUCALYPT MYCORRHIZAS 
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SUMMARY 
Low-power electron micrographs of a eucalypt mycorrhiza are presented which show how 
root cap cells are progressively decomposed by invasion of fungal hyphae. The development 
of tannin-like deposits in cells of the root cap and epidermis is discussed briefly. 
INTRODUCTION 
The anatomy of eucalypt mycorrhizas has been studied previously with the light 
microscope (Chilvers and Pryor, 1964). An electron microscope study has been initiated 
to enlarge upon this earlier work and, in particular, to try to answer some questions 
raised by it. This preliminary report clarifies the fate of the root cap cells within the 
fungal sheath and describes briefly the development of tannin-like materials in the 
root cap and epidermal layers. 
For this study, active mycorrhizas were taken from a 2-year-old specimen of Eucalyptus 
bicostata Maiden, Blakely and Simmonds, during the spring growth period. Severed 
tips were fixed in I. 5 % buffered glutaraldehyde followed by a post-fixation in OsO 4 • 
These were then dehydrated through an ethanol series containing uranyl acetate and 
transferred through propylene oxide to Araldite (Glauert and Glauert, 1958) for impreg-
nation and embedding at 60° C. Sections were cut with a Porter-Blum ultramicrotome 
and examined with a Japan Electron Optics JEM-T6 electron microscope. 
Although the tips were held in liquid Araldite for as long as possible, impregnation 
was incomplete with the result that blocks varied in hardness from place to place and 
often contained holes in the outer layers of the root tissue. Consequently it has not yet 
been possible to obtain large areas of section suitable for recording at high magnification. 
However, mosaics of low-magnification ( x 1200) electron micrographs have been ob-
tained which reveal some useful information about the root cap region. Fig. 1 is a tracing 
of a median longitudinal section which shows the general relationship between root cap 
(shaded) and the adjacent epidermal and sheath tissues. Plate I reproduces a portion of 
the same mosaic. 
On the basis of light microscope studies, Clowes ( 1954) concluded from indirect 
anatomical evidence that the root cap cells of ectotrophic mycorrhizas are decomposed 
within the fungal sheath. The electron micrographs provide direct evidence confirming 
that this occurs. Fungal hyphae penetrate into the root cap cells and grow through them, 
subdividing the dark tannic substance within into successively smaller fragments until 
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only small slivers remain in the spaces between hyphae. The outermost root cap cells 
are found dismembered in this way right up to the tip. Backwards from the tip the 
invasion of root cap cells proceeds inwards, layer by layer, until the hyphae reach the 
more vital epidermal cells (at point marked X in both illustrations). Thus the root cap 
tissue is progressively transformed by invasion and dismemberment of the cells into 
the inner layers of the mantle. 
In this young mycorrhiza the invading hyphae are themselves very active and healthy 
looking. In older mycorrhizas they become impregnated with brown substances, pre-
sumably from the dead cell fragments, and appear moribund like those illustrated in the 
'tannin layer' of Pinus radiata D.Don, by Foster and Marks ( 1966). Differences in 
histogenesis apart, their 'tannin layer' of darkly pigmented plant cells together with the 
pockets of 'polyphenolic substances' found in the adjacent 'inner mantle' appear to be 
equivalent to the decomposing root cap tissue shown here. A further equivalence be-
tween the mycorrhizas of P. radiata and Eucalyptus bicostata occurs in the 'Hartig net' 
Fig. I. Tracing from a mosaic of low-power electron micrographs of the root cap region 
of a eucalypt mycorrhiza (root cap tissue shaded) . fs, Fungal sheath; re, root cap; ep, 
epidermis; co, cortex; x, first epidermal cell contacted by fungal hyphae. 
region. Foster and Marks show cortical cells enclosed by intercellular hyphae in which 
the thin cytoplasmic lining of the cell wall is itself overlain by a solid deposit of tannin-
like material aggregated in some places into large 'coacervates'. In eucalypt mycorrhizas 
the Hartig net develops among the epidermal cells and similar coacervates are formed 
against the cytoplasmic lining of these. It can be seen in Plate r that these coacervates 
are actually formed before intercellular penetration by the fungus commences. 
The tannin-like materials of the epidermis and root cap are probably similar in 
composition. They originate in an identical manner soon after vacuolation commences. 
In the root cap cells nearly all the developing vacuoles become filled with a homogeneous 
brown material whose production keeps pace with the expansion of the vacuoles until 
the bulk of the cell is filled with it. It appears that the original vacuoles never become 
completely lost, since shrinkage of the dark material during fixation and dehydration 
reveals a pattern of cracks which are clearly related to the boundaries of vacuoles. In 
the epidermal cells only about one half of the developing vacuoles contain the pigment 
and these eventually all merge into one. Originally homogeneous in appearance, like 
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TflE NEW PHYTOLOGIST, 67, 3 PLATE I 
Part of a mosaic of low-power electron micrographs showing the outer layers of a eucalyp t 
mycorrhiza to the rea r of the root cap. F, Fungal hyphae inside more or less entire root cap 
cells; R , res idues of root cap cells which have been nearly replaced by funga l hyphae ; 
vV, inner and outer wall of a root cap cell heavil y invaded by hyphae ; T , coacervates of 
tannin-like material ; X, the first epidermal ce ll in actua l contact with the fungus-this can 
be used to relate the plate to the text figure . 
G A. CH I LVERS- ELECTRON MICROSCOPY OF MYCORRHIZA (facing page 66+) 
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the root cap material, this tannin-like substance tends to form aggregates in the vacuoles 
of radially elongating cells and finally condenses into the coacervates as shown in 
Plate I. The mass of small aggregates formed in the earlier vacuoles is quite possibly a 
preparation artifact which merely demonstrates a propensity for polymerization not yet 
realized in the living material. On the other hand, the coacervates are certainly real 
since they coincide with characteristic outgrowths of the cytoplasmic lining and in older 
mycorrhizas they frequently grow to a size where they can be seen readily under the 
light microscope. 
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